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General Introduction 


American Chemical Society Series of 
Chemical Monographs 

By arrangement with the Interallied Conference of Pure and Applied 
Chemistry, which met in London and Brussels in July, 1919, the Amer- 
ican Chemical Society was to undertake the production and publication 
•of Scientific and Technologic monographs on chemical subjects. At the 
same time it was agreed that the National Research Council, in cooper- 
ation with the American Chemical Society and the American Physical ' 
Society, should undertake the production and publication of Critical 
Tables of Chemical and Physical Constants. The American Chemical 
Society and the National Research Council mutually agreed to care for 
these two fields of chemical development. The American Chemical Society 
named as Trustees, to make the necessary arrangements for the publica- 
tion of the monographs, Cimries L. Pamons, secretary of the society, 
Washington, D. C.; the late John E. Tccple, then* treasurer of the society, 
Now York ; and the late Professor Gellert Allcman of Swnrthmoro College. 
Tlie Trustees arranged for the publication of the A.C.S. series of (a) 
Scientific and (b) Technologic Monographs by the Chemical Catalog 
Company, Inc. (Reinhold Publishing Corporation, successors) of New 
York. 

The Council of the American Chemical Society, acting through its 
Committee on National Policy, appointed cditora (the present list of 
whom apiiears at the close of this introduction) to select authors of com- 
jictcnt autliority in their respective fields and to consider critically the 
manuscripts submitted. 

The first monograph of the scries appeared in 1921. After twenty- 
throe years of experience certain modifications of general policy are in- 
dicated. In the beginning there still remained from the preceding five 
decades a distinct though arbitrary differentiation between so-called 
"pure science” publications and technologic or applied science literature. 
This differentiation is fast becoming nebulous. Research in private enter- 
prise has grown apace and not a little of it is pursued on the frontiers 
of knowledge. Furthermore, most workers in the sciences are coming 
to see the artificiality of the separation. The methods of both groups 
of workers are the same. They employ the same instrumentalities, and 
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now frankly recognize that their objectives arc common, namely the 
search for new knowledge for the scmce of man. The ofTiccrs of the 
Society therefore have combined the two editorial Boards in a single 
Board of twelve repmsontative members. 

Also in the beginning of the scries, it seemed expedient to consti-ue 
rather broadly the definition of a monograph. Needs of workers had to 
be recognized. Consequently among the first one hundred monographs 
appeared works of the form of ti'catises covering in some instances ratlier 
broad areas. Because such necessary works do not now want for jHib- 
lishcrs, it is considered advisable to hew more strictly to the line of the 
monograph chaTneter which means more complete and critical ii’catment 
of relatively restricted areas, and wl>crc a broader field needs coverage, 
to subdivide it into logical sub-areas. The prodigious expansion of now 
knowledge makes such a change expedient. 

These monogj'aphs arc intended to serve two ])rincipal purposes; first/*- 
to make available to chemists a thorough treatment of a selected ai'ca in’ 
form usable by persons working in more or loss unrelated fields to the end 
that they may correlate their own work with a larger area of ])hysical 
science discipline; second, to stimulate further rcscnrcli in the specific 
field treated. To implement this purpose the authors of monographs are 
expected to give cxtonclcd references to the literature. Where the liter- 
ature is of such volume that a complete bibliograiihy is impractieiiblo, 
the authors are expected to append a list of references critically selected 
on the basis of their rclativo importance and significance. 
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Foreword 

Tho pressing demands of war have always served as a stimulus to 
research and development in the field of Science. The recent conflict, com- 
ing as it did at the time of our entrance into what has been termed the 
"Age of Science,” imposed particularly heavy demands upon the technical 
ability of our scientists to discover and develop new instruments of war- 
fare and corresponding protective devices. 

Our early experiments focused attention upon the desirability of de- 
veloping suitable methods for rendering militaiy fabrics resistant to flame 
propagation, A preliminary survey of existing flame-retardant treatments 
indicated the need for basic research on the general subject of flameproof- 
ing. Research has been defined as: "studious inquiry; usually, critical and 
exhaustive investigation or experimentation having for its aim the revision 
of accepted conclusions, in the light of newly discovered facts.” In nearly 
every instance the problems facing the Armed Services were approached 
along the avenues of research in the firm belief that herein lay the quickest 
and most satisfactory solution. Certainly, in the search for suitable 
methods of flameproofing cotton fabrics intended for military usage, a 
thorough understanding of the fundamental mechanisms involved has led 
to a wholesome revision of previous concepts and a clearer recognition of 
the potentialities of available processes. In addition to meeting specific 
military needs, the researches conducted represent the first extensn'e 
study of (he fundamentals of flaincproofing and have laid a firm founda- 
tion upon which future investigations may be based. The success of the 
research programs undertaken is attributalile to the cooperation and pgr- 
scvcrance of those actively engaged therein, both m civilian and military 
capacities. 

In agreement with the proposition of Thomas Hobbes, tliat "the main 
])ui’posc of science is (he tying of facts into bundles,” it was felt that the 
experiments iierfprincd and the findings thereof should be collected and 
in-esented to the interested public With that in mind, this monograph on 
“Flaniciiroofing Textile Fabrics” was prepared 

Georges F. Doriot 
Brigadier General, U S.A. 

Director, Military Planning Division 

Office of ihe Quartermaster General 
TFar Department 
Washington, D. C. 

March, 1947 
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The need for practical methods of combating fabric inflammability was 
brought forcibly to the attention of many branches of the Armed Services 
upon our entry into World War II. Programs were initiated in many serv- 
ice laboratories with the intention of investigating the practical applica- 
tion of flameproofing treatments to various military fabrics. 

Initially, Quartermaster Corps activities in the field of flameproofing 
were concentrated upon the application of flame-retardant finishes to 
tentage duck. At the same time, similar programs dealing with the flame- 
proofing of fabrics were in progress in other service laboratories. The 
Army Corps of Engineers at the Engineer Board, Fort Belvoir^ Virginia, 
was engaged in the development of commercial as well as field impregna- 
tion methods for the treatment of camouflage netting. The Navy at the 
Industrial Test Laboratory, Naval Shipyard, Philadelphia, Pennsylvania, 
pursued a similar investigation of the flameproofing of life jackets. The 
Chemical Warfare Service Development Laboratories at the Massachu- 
setts Institute of Technology, Cambridge, Massachusetts, investigated 
suitable methods for the flameproofing of summer flying suits for Air 
Corps personnel. During the North African campaign it became apparent 
that fire-resistant finishes should be available for general use on clothing 
fabrics. 

In view of the fundamental nature of the research which it was evident 
would be required to attain a satisfactory solution of this problem, the 
Research and Development Branch, Military Planning Division, Office 
of the Quartermaster General, requested the National Academy of Sci- 
ences to initiate a research program. Accordingly, m October, 1943, the 
National Research Council of the Academy contracted with Columbia 
University for the establishment of a research project in the Department 
of Chemical Engineering on the subject “The Flameproofing of Army 
Clothing.” 

The results of these researches, conducted over a period of a little less 
than three years, are being made available to the general public in this 
volume. In addition, the roiiort includes a great deal of related information 
on the general subject of flamSproofing which was obtained through other 
Quartermaster Corps programs and research projects in other service 
laboratories. 

It is believed that making this information generally available will 
stimulate further research in the field, particularly that of a more funda- 
mental nature. Furthermore, it will greatly advance the knowledge of 
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other investigators working along the same lines. In this way, it should be 
possible to obtain, within a relatively short time, even better flame-rc- 
tnrdant finishes for military fabrics tlian are known today as a result of 
wartime researches. 

It was felt particularly desirable to publish this volume at this time in 
order that the results of Uie various investigations might be recorded soon 
after completion of the experimental programs and to avoid any pos- 
.sibility that tlic information would not be disseminated in a consolidated 
form, r'urthcrmore, recent legislation pertaining to the fire hazard of 
textiles now under consideration in various state legislatures as well as in 
Congress emphasizes the importance of making this material available as 
a matter of public safety. 

The subject matter of this book has been presented as a comprehensive 
survey of the subject of flameproofing textile fabrics rather than in the 
form of a technical report of the investigations carried out. The material 
has accordingly been divided into three general sections which consider in 
turn the fundamental mechanisms of the thermal degradation of cellulose 
and the chemical or physical phenomena of flameproofing; the methods 
employed in the processing and evaluation of flnmeproofed fabrics; and 
the various applications which exist for flame-rotnrding treatments in the 
field of textile fabrics. This typo of presentation should enable the reader 
to become familiar with the types of retardants available, the function of 
those agents in the prevention of flaming and glowing, and the methods l)y 
which they are applied and evaluated before attempting to appreciate the 
differences in performance when applied to fabrics. 

Chapter I serves as an introduction to the subject of flameproofing An 
attempt has been made to clearly define tlio objectives of flameproofing 
treatments, the requirements which might be set up for an ideal treatment, 
and tlie variables influencing the effectiveness of a flameproofing agent. A 
glossary of terms has also been included with the intention that (.he con- 
fusion which currently exists in the nomenclature employed in discussions 
of flameproofing would be avoided, at least in the interpretation of the 
subject matter of this volume. 

In Chapter 11, the nature of cellulose is reviewed briefly followed by a 
thorough discussion of its normal degradation reactions, It was thought 
that this background was necessary in order to attack the more complex 
problem of high temperature degradation, The reader is then introduced 
to the thermal degradations of cellulose at elevated temperatures and the 
nature of the decomposition products obtained. The influence of flame- 
retardant materials upon the formation of these products is proposed as 
one of the primaiy effects of flameproofing. 

The fundamental causes of the prevention of both afterflaming and 
afterglow arc considered in Chapter III. In this ease the mechanisms 
which have been commonly proposed in the literature on the subject are 
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presented along with more recent theories which possess a firmer founda- 
tion in experimental fact. 

The purpose of Chapter IV is to thoroughly acquaint the reader with 
the test methods commonly employed in the evaluation of flameproofed 
fabrics. In some cases, the tests described are specific for fabrics intended 
for military purposes and would not be widely applicable in the textile 
industry. Many of th’e testa included, however, have been developed or 
improved in the course of war research projects and may warrant a more 
widespread usage, 

Chapter V is intended to present a survey of the general types of treat- 
ments available, the variables which exist in the application of these 
agents to the fabric, and the industrial processing techniques employed in 
commercial practice. The value of this section has been enhanced by the 
inclusion of adequate experimental data to illustrate the effects of the 
variables discussed. 

In Chapter VI, the relative efficiencies of many of the better available 
treatments are compared in regard to their suitability for use in the 
processing of military uniforms. The criteria employed include not only 
laboratory evaluation techniques but also practical wearing tests. 

A similar comparison of flameproofing treatments and their applica- 
bility for use on military fabrics other than articles of clothing is made in 
Chapter VII. Included in this group is a consideration of flameproofed 
tentage fabrics wliich probably represent the principal application of 
flamc-rctarding treatments in the textile industry to date. 

The final chapter on civilian applications (Chapter VIII) points to the 
need for an effective and durable flameproofing treatment. In addition, 
current restrictions and ]>roposed legislation arc diseu.«scd along with the 
question of implied warranty. 

The book includes as many of the different flameproofing treatments 
and as much of tlie available data as could conveniently be considered. An 
attempt has been made to group the flameproofing agents according to 
ilic manner of their performance and select the data which would best 
illustrate the points discussed. 

Tliougli the publication of infonnation of this type in the form of a 
collaborative volume possesses many obvious disadvantages, the scope of 
the subject matter as originally envisioned and the time allotted for com- 
pletion made it highly impractical for any one person to write the book in 
its entirety. Furthermore, since the experimental work described was 
carried out in several different government and industrial laboratories, 
having one of the individuals closely connected with the original investiga- 
tion contribute the write-up of the experiments performed helps to insure 
that valid conclusions are drawn on the data obtained and serves as an 
acknowledgment of the contributions of the individual or organization. 

The selection of authors was generally made on the basis of those best 
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qualified and at the same time beat able to submit their contributions 
within the allotted time. In many cases the task was difficult since many 
of the individuals considered were already overburdened with the respon- 
sibilities of their regular positions. The response to the invitations was 
gratifying, however, and those who refused were prompted to do so by the 
pressure of previous commitments. 

Since the majority of the work described was performed under govern- 
ment contracts and many of the contributors were in the employ of various 
government agencies, it was felt to bo improper to allow royalties to accrue 
to the authors. Instead, all royalties have been applied to a reduction in 
the purchase price of the book. This is wholly in accord with the original 
objective of making the subject matter available to the greatest number of 
interested persons. 

The editor wishes to express his sincere appreciation to the several 
authors. In every instance they coopei’ated to the full extent of their 
ability despite other heavy demands upon their time. In addition, I am 
deeply indebted to the members of the editorial board who were mutually 
charged with the organization of the subject matter and selection of 
authors as' well as the editing and compiling of the manuscript itself. 
Without the cooperative effort of this group the task would have been all 
but impossible. 

Special appreciation is due Miss Charlotte Yater whose familiarity with 
the subject matter considered rendered her particularly suited to the tusk 
of preparing and compiling manuscripts and also assisting in the reading 
of proof. 

The preparation of the subject index was carried out by Miss Cynthia 
Berlow. 

Graphs and illustrations in the text were prepared by Prof. Frank H. 
Lee of Columbia University. 

Grateful acknowledgments are extended to the many others who have 
contributed to the preparation of this book in any way and to tlioso 
individuals to whom wo are all indebted for carrying out the actual labora- 
tory investigations. Special mention should be made of Dr. Milton Harris, 
Dr. M. W. Sandholzer, and Mr. K, S. Campbell who contributed advice 
and criticism on the contents of some sections. 

Further acknowledgments are also due to many individuals in the Re- 
search and Development Branch of the Office of the Quartermaster Gen- 
eral and to the National Ecseareh Council Committee on Quartermaster 
Problems of the National Academy of Sciences for their interest and 
cooperation. 

Robert W. Little 

New York, New York 
June, 
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Chapter 
Flameproofing Defined 

James M. Church 

Development of Flameproofing. Ever since the beginning of man, 
lie has been actively engaged in seeking improvements in his existence 
both from a personal standpoint as well as in the interest of the welfare 
of otlicrs. Included in .man’s pursuit of happiness down through the ages 
has been his jiersistent search for some means of combating fire, which 
has destroyed some of his most priceless possessions and at times has left 
him destitute, causing loss of life, home and proj)erty. During the advance 
of tho civilization of man we note his progress in this respect, mainly 
Liirough methods of control. The first attempts were confined to the de- 
velopment and use of materials which would withstand the action of fire 
anti liavc finally culminated in the construction of our present-day fire- 
liroof buildings and structures. Of the many fire-resistant materials dis- 
covered and perfected by man, none liave been found suitabie for protec- 
tion in the form of clothing. The natural fibers which have been used for 
ages, Kpun and woven together into fabrics, arc all combustible to varying 
degrees, but othcrvvi.se possess those charactcri.stics of warmth, wear, flexi- 
bility and beauty whicli arc paramount for clothing purposes. With the 
advent of man-made fibers, it has been the aim of the scientist to perfect 
the ideal fiber vvluch also includes the clc.«irod fire-resistant qualities. In 
some respects tliis has been accomplished to the extent of developing 
syntlu'tic fabrics of niucli greater resistance to fire than some of those 
made fi'um natural fibers. 

Tlic recent world war with its holocaust of destruction by fires originat- 
ing from incendiaries, flame throwers and the use of highly combustible 
fuels brouglii about a greater renewed effort by the scientists to find better 
means of protection again.st fires which cause ignition of the clothing and 
result in burn casualties. The modern type of warfare with its mechanized 
armored machines brought with it new dangers to the military jicrsonnel, 
which in the early clays of the war resulted in high loss of life and dis- 
abilities. 

The results of scientific researches carried out during war times for the 
protection of military personnel inevitably find ready uses in the peace- 
time civilian life to follow. This will undoubtedly be true in the case of 
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flamoproofing. Local, state and federal legislation in the interest of public 
safety are already demanding greater fire protection from the use of 
clothing and interior fabrics, in order to avoid the calamities which are 
reported almost daily in the pi'ess due to injuries sustained from fires 
originating from combustible fabrics. In this modern scientific age man is 
now prepared to offer some definite solution to this perplexing problem, by 
incorporating with the fibers chemicals which will greatly retard their 
combustibility and thus prevent ignition of the fabric. 

What Is Flameproofing? The term “flaraeproofing'’ would imply the 
employment of some method to prevent the ignition of a combusUblo 
material, thus restricting its destruction by flame. However, througiioiit 
the literature on this subject, there is still considerable confusion between 
such terms as "fireproofing," "flamoproofing," “flame-resistant," “non- 
glowing," etc., even to the extent of using some of these interchangeably. 
Since there exist degrees of combustibility of materials, it would seem 
host to define these in a general way to limit the degree of combustion 
within a specified range. When describing a material as “fireproofed," the 
use of this term should convey the meaning of total resistance to destruc- 
tion by fire and should not be used with any of the lower fire-resistant 
types of materials. Likewise in the case of a material which docs not with- 
stand tlie action of fire without somo chongc in its pliysical state, but docs 
prevent self-combustion once the igniting source has been removed, tho 
term “flameproofed" would bo applicable in its description. Tho lesser 
fire-resistant materials which do not burn too readily may likewise be 
characterized as “flame-resistant.” 

One charactcristio of ccllulosic materials different from most combus- 
tibles is tlieir tendency to be consumed, after the flame has been extin- 
guished, by a glowing, non-flaming type of combustion. Tins raises the 
question in characterizing the inflammability of combustible types of 
cotton goods whether one should not difTerentinto between flaming and 
the glowing tendencies during combustion of the fabric. In the ease of 
certain flameproofing treatments which have been applied to the fabric in 
order to reduce its susceptibility to combustion, it is possible to render tlie 
cloth fairly flame-resistant and yet it will be consumed by an afterglow 
which persists even after the source of tho lioat or flame has boon removed 
In some respects this afterglow may prove to bo of more serious conse- 
quence than the flaming usually associated with fires. The heal rc.sulting 
from afterglow is in most cases more intensive than the flame, resulting in 
serious damage and injury, besides the possibility that it might produce 
renewed flaming. Therefore in the use of the term “flameproofing” as ap- 
plied to fabrics, it should imply not only resistance to continued flaming 
but also include the absence of any afterglow. In other words, both non- 
flaming and non-glowing should be included in the term “flameproofmg” 
when used to characterize any cellulosic or otlier material capable of 
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being consumed by a glowing type of combustion. For a practical use of 
this term, in evaluating such materials, it is desirable to define the amount 
of aftcrfiaming and afterglow, rather than attempt to make its use limited 
to those materials which exhibit absolutely no tendency toward either, 
since in most instances a slight amount is evident but does not persist for 
any appreciable time. 

Furthermore, in carrying out ilame test measurements of fabric com- 
bustibility, the recognition of a slight afterflame or afterglow is often de- 
pendent upon the person performing the test. A flame or glow of a fraction 
of a second’s duration is often confused with optical after-images or with 
the light emanating from the incandescent carbon filaments during the 
brief cooling period. The latter phenomenon should not be confused with 
the progressive, exothermic oxidation of the char. 

For these reasons a fabric is regarded as flameproofed if it shows no 
aftcrfiaming of a measurable amount, and no afterglow in excess of four 
seconds after the flame has ceased. To differentiate between fabrics which 
may be resistant to one but not to the other, the terms “flame-resistant” 
and “glow-resistant” may be applied individually, but should be further 
characterized by denoting, in terms of seconds’ duration, the degree of 
resistance offered in both respects. 

Classification of Flame Retardants. Since flameproofing agents are 
chemical substances it is only natural that any attempt at a classification 
would include a grouping according to similarities in their chemical struc- 
ture. This would permit listing various types of phosphates, sulfates, 
borates, sulfamates, salts of zinc, antimony, tin, or other similar com- 
pounfls together for a convenient chemical classification This, however, 
is found to be of little use from a practical standpoint since various com- 
pounds of the same type behave entirely differently as fire retardants. 
Tliis is brought out forcibly m the comparison of the various phosphates, 
which in the case of the weaker basic salts arc efficient flameproofing 
agents but with the stronger basic salts such as tri-sodium phosphate or 
the more insoluble metallic phosphate.s the latter are very ineffective 

From the preceding discussion of the terms to be applied in characteriz- 
ing tile degree of fiameproofing to be obtained by the use of various re- 
tardants, one iniglit be inclined to group the flameproofing agents into 
classes according to whether they exhibit complete flame and glow-retard- 
ing tendencies, or perhaps only a partial flame and glow resistance. Such 
a classification leads to confusion in borderline cases of retardants which 
under some circumstances may be effective flameproofing agents when 
employed in certain combinations, but which under less favorable circum- 
stances offer only a weak resisting action toward the combustion of the 
fabric by flame or glow. Unless a close distinction is permitted in the re- 
quirements set up for the various classes, it would be likewise rather diffi- 
cult to determine whether a given retardant is of the “fiameproofing” or 
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the "flnme-resistant" type, in such borderline cases. Therefore any clas- 
sification based upon the performance of a flame-retardant chemical must 
be restricted to a general grouping and as such becomes useful in char- 
acterizing the various agents according to whether they possess good flame- 
proofing or glowproofing qualities or whether they arc of the milder typo 
of flame-resistant or glow-resistant agents. 

One of the most useful classifleations for a practical flameproofing of 
textile fabrics is one which is not based on their relative olTeclivencss, but 
rather upon their durability in offering continued resistance to the inflam- 
mability of the fabric during its use. Any worthwhile commercial treat- 
ment would require not only an initially effective flamcproofing but one 
which would be capable of some resistance toward any action tending to 
remove it or destroy its effectiveness. Such a classification would permit 
listing the different flameproofing agents or treatments as citlicr (1) tem- 
porary, (2) semi-durable, or (3) permanent. The first class Avould include 
the water-soluble retardants, which for the most part are highly cfiiricnt 
but are readily romovocl by a simple immersion in water, thus destroying 
their effeotiveness. The second class, on the other hand, would include 
those capable of withstanding the notion of q water leach but which arc 
easily removed or destroyed by stronger solutions of salt or soaii as on- 
eonntcred in eoa water immersion or laundering operations. The last and 
more durable typo are those agents which will resist the action of the 
stronger leaching solutions within a reasonable degree and therefore, with 
certain precautions ns to the severity of the treatment, can be deponded 
upon to offer continued protection to the fabric in preventing compkdo 
combustion by flamo. Standard leaching tests are now available for evalu- 
ation of tiio various flamcproofing agents according to their pormaueney 
ns defined above. This is aceomplishcd by merely limiting the typ(' of 
leaching solution for the three classes to (1) ordinary Lap water, (2) di- 
lute salt and mild neutral soa)) solutions, and (3) common commercial 
soap solutions as employed in commercial laundering pracliec. The exact 
conditions of each leaching test can be readily defined in terms of (em- 
peratiire and duration of leach required before effectiveness of the flume- 
proofing is impaired. 

Turthcr considerations of a suitable classification of flame rotardanls 
might well include some specification of requirements based upon Ihc ef- 
fectiveness obtained from a given amount of the chemical, or the reverse 
in terms of the quantity of retardant necessary to produce a given degree 
of flameproofness. Tlie latter is perhaps the most convenient standai’d to 
adopt since it offers a suitable comparison of the relative effectiveness of 
the various agents on a weight or per cent add-on basis. Minimum require- 
ments for effective flamcproofing agents can therefore be establislicd in 
terms of the add-on required to produce a minimum aflerflaming, after- 
glow and resulting char area as measured by the standard flame tests. 
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Formerly, the flame test requirements for treated fabrics in general al- 
lowed for a short iwo-second afterflaming and a maximum char length of 
3.5 inclios but no measurement of afterglow was made. More recent de- 
velopments, particularly in the adaptation of flameproofing treatments to 
clothing fabrics, whore the performance requirements might well be more 
severe, have necessitated raising the flame tost specifications. 

In the case of the Vertical-Bunson burner flame test the standard re- 
quirements for acceptable treatments have now been established ns (1) no 
afterflaming, (2) less than 4 seconds’ afterglow, and (3) less than 3.5 
inches of char length. In adhering to this specification in adopting the 
45®-Microburner flame test as the preferred standard, the requirements on 
a comparative basis would be much the same, namely, (1) no after- 
flaming, (2) less than 4 seconds’ afterglow, and (3) less than 2.5 square 
inches of char area. The quantity of retardant required for the treatment 
of a fabric to meet the above flame test specifications might then be con- 
sidered as the "minimum effective add-on” and could be used for com- 
parative purposes in the evaluation of flameproofing agents. 

Other Factors Affecting Flameproofing Efficiency. In addition to 
the offoctivenoss of the lire retardant as discussed in the foregoing section, 
there are several other factors which greatly affect the efficiency of the 
flanicproofing treatment. The first of these is the typo and structure of 
the fabric to be treated. The majority of the considerations of this volume 
liavo been confined to the flameproofing of cellulose fabrics. Tins type of 
faljric constitutes the great majority of the textile fabrics cither in the 
form of cotton goods or the regenerative type of rayon Furthermore, cel- 
lulose is one of the more combustible types of fiber and would therefore 
warrant more serious considerations of possible methods of flameproofing 
than perhaps most of tlio other fibers However, this docs not preclude the 
])ossil)ilily that many of the treatments discussed hero are equallv ap- 
plicable to falirics w’ovcn from other natural or synthetic fibers Since, 
however, tlic nicclianism.s governing flameproofing phenomena arc con- 
cerned chiefly with chemical reactions involving pyrolysis and combus- 
tion, it is logical to conclude that changes in the chemical structure of the 
fiber might well radically alter cither the rate or direction of the reaction 
and rc.sult in less cfTective flameproofing with a given retardant or treat- 
ment. For this reason the processing of other types of fabrics for an effi- 
cient flnineproofing may present an entirely different problem w'hich may 
or may not require a different method of approaeii for solution. 

In similar fashion, variations in the weight and weave of the fabric 
introduce corresponding variables in application of effective flameproofing 
agents. In the case of cotton goods, these factors concern themselves 
mainly with the amount of retardant required and the conditions for ap- 
jflication for an effective flameproofing treatment. This conclusion is based 
upon the fact that the components of cellulose and fire retardant are com- 
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mon to all types of cotton fabric, and if intimate contact of the two is 
obtained in the treatment, the underlying requirements of the flame- 
proofing mechanisms are satisfied. 

Another of the factors affecting the degree of flameproofness obtained 
from a given fire retardant is inferred in the above discussion. This is 
concerned with the conditions employed in the treatment of the fabric 
with the flameprooflng agent. From a consideration of the mechanisms 
evolved for explaining flameproofing phenomena it would follow that the 
main object of any treatment should be' to achieve a uniform and intimate 
distribution of tlie retardant within the fabric in close contact with the 
individual fibers. This is evident from the fact that the water-soluble 
agents afford a maximum dog^rce of flameproofing with a minimum amount 
of retardant. Here the highly dispersed solution of the agent permits a 
complete and thorough distribution of the cliemical within the fabric 
structure. In the case of the less soluble retardants, the large particle sizes 
very definitely limit the possibility of uniform and intimate distribiiLion, 
and this is accountable, at least in part, for the fact that much greater 
amounts of these agents are required to obtain an equally olTectivc treat- 
ment. Therefore thoughtful consideration sliould be given in the applica- 
tion of any chosen flamoproofing agent to a given fabric which will include 
a selection of the best conditions and methods possible for the treatment 
in order to achieve this ultimate object. In many instances the only ap- 
proach, with duo regard to the physical properties of tlio flameproofing 
compound, is one of a systematic investigation of the variables to be en- 
countered in the treatment or method by trial and error typo of experi- 
mentation. 

Most of the treatments and field tests reported hero were made with an 
8,5-oz. olive drab herringbone twill which constitutes a high porcontage of 
military uniforms in the form of combat and fatigue suits and coveralls. 
In investigating the effects of the added ingredients of dye, sizing and 
extraneous matter occurring in the finished cloth it was found tlial llicsc 
were mainly of a minor consequence in the ofieclivcncss of the flame- 
proofing agents, provided the treatment allowed for an intimate and uni- 
form distribution of the agent, Actually in testing grey goods, dyed goods 
and sized fabrics, these ingredients were found to contribute slightly to 
the flameproofing qualities of the treated fabric. In other words, the 
natural pectin, wax or resin present in tlic original fabric, or the added 
dye and resin employed in the finishing of the fabric arc in reality flame- 
proofing agents of a low order. These substances, however, interfere in 
some instances with the effectiveness of the treatment by rendering the 
fabric less acceptable to the flameproofing agent. This is particularly true 
in the case of sizing components whicli in most cases should be removed 
by a preliminary desizing treatment prior to the flamoproofing treatment 
in order to prepare the fabric in a more absorptive state. After the flame- 
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proofing treatment the sizing may be restored for effecting 
cloth but should be applied in such a way as not to disturb 
tion of the flameproofing agent. 

In many regards the 8.6-oz, desized herringbone twill offers an excellent 
type of cotton fabric for adoption as the standard for evaluation of flame- 
proofing treatments. Its texture and weight may be considered as typical 
and representative of the majority of cotton fabrics for consumer use. It 
is therefore suggested that this type of cotton cloth be adopted as the 
standard testing fabric for all flameproofing specifications in evaluation 
tests. 


Ideal Characteristics of Flameproofing. The most desirable flame- 
proofing agent would be one which could be easily applied to a fabric, 
preferably in a finished form ready for use, and would render that fabric 
permanently flameproofed without appreciably altering the fabric char- 
acteristics for consumers’ use. This definition of an ideal flameprooflng 
agent might at first glance not appear too unreasonable but further analy- 
sis would show it to be highly idealistic in view of present-day facts con- 
cerning flameprooflng. And yet it serves its purpose in presenting an ulti- 
mate specification for flameproofing, which will challenge those attempt- 
ing improvements toward a more satisfactory solution of this problem. It 
is not wholly improbable that such a flamcproofing agent may some clay 
be discovered, for science docs not recognize any situation as being impos- 
sible regardless of its difficulties. Only by means of a thorough under- 
standing of the problem in all of its aspects will scientists of the fuluro 
nehievo this coveted goal, and it is to this purpose that the following dis- 
cussion of the fullest meaning of these ideal specifications is declionted. 

Ease of apiilication has been tlic one requirement, in ndditicn to a high 
degree of effectiveness, that has made the wntor-solul)lo agents popu- 
lar, oven though they are readily removed by the slightest leaching action 
and arc apt to jiroduce a deleterious effect to weaken the fabric strength. 
In terms of permanency, the better of the agents are the most difficult to 
apply, which would make it appear that ease of application and per- 
manency do not go hand in hand The requirement of durability includes 
many factors and is not confined to launderability alone although this 
factor lias been of major importance. Permanency against the conditions 
of aging and storage and against the action of salt spray or salt water is 
sometimes more difficult to attain with certain agents than protection 
against laundering. Excessive humidity and temperature, as encountered 
in tendering tests, may tend to destroy the flameproofing treatment, ns 
well as impair the strength of the fabric through the decomposing action 
of the agent. In the application of the more permanent types of flamc- 
proofing agents, it has been found necessary to employ an excessive 
amount of the retardant in order to obtain an effective treatment. In 


doing so, not only is the weight of the fabric increased appreciably but 


FLAMEPROOFING DEFINED 


10 

usually the hand is greatly iropfiired. As might also be expocted in such | 

oases, excessive amounts of the treatment may affect the permeability of ; 

the fabric. In this regard both air and vapor transmission arc important, , 

otherwise clothing fabrics are certain to produce discomfort to tlic wearer ; 

by causing excessive heat loads Xor lack of proper heat transmission. In 
most cases of clothing fabrics, nontoxicity of the chemical retardant is a 
necessary prerequisite. Not only must the treatment not contain harmful 
chemicals but the treatment itself must not induce any harshness to tho 
fabric finish which might cause a rash or dermatitis condition upon the 
skin of the wearer. Since textile fabrics for consumer use require other t 

treatments and finishes, any acceptable flamcproofing troalmcnl must bo 
compatible with the others. In tho matter of efficient flnTncproofing from 
the us(? of chemical retardants, only those which will limit the inflam- 
mability of tho fabric to tho extent of no afterflaming and a minimum of 
afterglow can be regarded as of major importance. An added requirement 
might also include that the char resulting from the limited combustion of 
the fabric bo of a substantial type which will contribute some )U‘oLection , 

against further exposure to the flame source. Such chars have been shown 
to offer a considerable degree of insulation. 

In summary, the following requirements should bo considered in tho 
selection of any flamcproofing agent or treatment: 

1. A minimum effective add-on to avoid both an excessive increase in 
the weight of the fabric and the imparting of a poor hand to the fabric. 

2. Means of easy application to the fabric, which may permit its use 
directly with garments or consumer goods. 

3. A reasonable permanency of the treatment toward tlio leaching 
action of water, salt and soap solutions, and di’y-clcnning solvents. 

4. Freedom from any deleterious action upon storage oi’ during condi- 
tions of use which may cause a decrease in the fabric slrcnglli tlii’oiigli a 
tendering action. 

5. No appreciable decrease in the permeability of llio fabric as meas- 
ured by both air and vapor transmission. 

6. Compatibility of the treatmeut with other treatments used in tho 
finishing of the fabric. 

7. Avoidance of any physiological action of the retardant on the skin, 
both in the treatment and wear of tho fabric. 

8. A flamcproofing cfTicicncy which prohibits tho propagation of any 
flame and any appreciable afterglow, resulting in a charred fabric which 
still retains considerable of its strength charactorlatics. 
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Glossary of Flameproofing Definitions. The following general terras, 
to be encountered throughout this volume, are listed here with their defini- 
tions for a ready reference and a better understanding of the full meaning 
of flameproofing as discussed in the following chapters o'f this book, 

Add-on — Weight increase of fabric duo to absorbed flameproofing agent 
or solution after treatment. Usually applied to the dry weight basis, 
otherwise termed “pickup.” 

Afterflame — The time in seconds which the fabric flames after the source 
of flame has been extinguished. 

Afterglow — The time in seconds which the fabric glows after all flaming 
has ceased. 

Char Area — The blackened area resulting after all flaming and glowing 
have ceased. Usually well defined and easily measurable by use of a 
planimcter. 

Char Length — Used only in the Vertical flame tests and represents the 
furthest distance of the damage caused by flaming or glowing as meas- 
ured from tile originating point of the flame or lower edge of the fabric 
strip. 

C O77ihitstion — Chemical decomposition caused by a combination of the 
substances with oxygen causing evolution of light and heat in a burning 
reaction. 

Fabric Weight — Expressed in ounces per square yard. 

Fill — Threads of the weave of a fabric which are at right angles to the 
selvage. 

Flame Retardant — A material w'hich imparts resistance to afterflamc to 
the fabric. 

Flame Test — Standard ]U'OCedures employing different types of flame for 
testing the flnnieiiroofness of a fabric. 

Flame'proofe.d Fabric — A treated fabric which exhibits appreciable re- 
sistance to both afterflamc and afterglow in the standard flame tests 
Flaineproofmg Agent — A material which imparts resistance to both aftcr- 
fiainc and afterglow to the fabric. 

Flame-resistant Fabric — A fabric treated as to inhibit afterflaming in the 
standard flame tests. 

Glou'-resistant Fabnc — A fabric treated as to inhibit afterglow in the 
standard flame tests. 

Glow Retardant — A material w'hieh imparts resistance to afterglow to the 
fabric. 

Heat Load — Excessive accumulation of body heat. Usually measured by 
increase in sweat rate, pulse, and body temperature. 
n emnghone Twill — A weave characterized by diagonal lines produced 
in a ribbon effect by a series of floats or skipped threads staggered in 
the direction of the warp. 
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Minimum Flameproofing Requirements — A treatment which provides no 
afterflame, less than 4 seconds' afterglow, and char length or char area 
of less than 3.5 inches or 2.6 square inches respectively by the Vcrtical- 
Bunsen burner and the 46““Microburner tests. 

Pickup — Weight increase of a fabric following treatment. Usually em- 
ployed for a wet weight increase. 

Pyrolysis — Chemical degradation caused by the action of heat. May bo 
accompanied by combustion if carried out in the presence of air. 

Sizing — Any added material which imparts body to a yarn or fabric. 

Tendering Action — Any effect of the chemical agents used in the treat- 
ment of a fabric, or conditions of exposure of the fabric which will result 
in loss of fabric strength. 

Warp — ^Threads of the weave of a fabric which arc parallel to the selvage 
edge. 




Chapter II 
Degradation of Cellulose 

Prior to considering the reactions occurring in the flaming of cellulosio 
materials or the' mechanisms by which that combustion may be prevented, 
it is desirable to review briefly the chemical nature of cellulose and its 
behavior under normal conditions. 

It should be borne in mind that in considering the flameproofing of 
cotton textiles one is dealing with the chemical treatment of a very com- 
plex polymeric material. In order to properly interpret the behavior of 
flamo-rctardant materials and also the performance of flameproofed fab- 
rics it is essential that one consider carefully the known reactions of cellu- 
lose under the influence of acids, bases and' oxidizing materials. A clear 
understanding of the causes and moohanisms of the hydrolytic and oxi- 
dative degradations of cellulose will contribute considerably to an under- 
standing of the changes observed in the course of thermal degradation 
Furtliormoro, the i^orformance of treated fabrics in tlie course of normal 
use and storage under various environmental conditions can be intcr- 
ju'ctcd only on the basis of the known reactions of the cellulose molecule. 

Accordingly, the following sections have as their purpose a thorough 
presentation of the basic structure, fundamental properties and known 
reactions of cellulose. 



A. NATURE OF CELLULOSE 
Henry A. liiUherford 

1. Occurrence and Structure of Cellulose 

Of all the organic compounds which arc found m nature, the material 
called cellulose is the most abundant. As the name implies, it is the chief 
constituent of the cells of plant tissues, and as a result it is widely dis- 
tributed throughout the world Not all naturally occurring cellulosic ma- 
terials, liowcvcr, are of the same content of cellulose. Some fibrous plant 
tis.sucs, notably ramie and cotton, contain a high percentage of the mate- 
rial, while substances such as wood may contain as little as 40^o of cellu- 
lose. The non-cellulosic constituents consist principally of lignins, pectins, 
fats and waxes. 
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The principal aources of the nntiiral cellulosic textile fibers are the seed 
hairs and the bast fiber's. The most important seed Imir is cotton and 
among the bast fibers ai'e flax, jute, hemp, and ramie. Differences in the 
nature and content of both the cellulosic and non-cellulosic constituents 
determine, to a largo extent, the fiber chosen for a j)nrLicular use. Tims, 
cotton, which is fairly high in cellulose content and which is easily purified, 
finds uso in fabrics for clothing, while ramie, although it contains a high 
quality cgIIuIosc, ia brittle, inelastic, and purified with great diniculty, 
finds extremely limited uso as a textile material. It is considered beyond 
the scope of this writing to delve further into the various sources, prop- 
erties and uses of all the vegetable tissues which contain cbllulose; a com- 
plete description of these aspects may be found elsewhere.^ 

Because of its abundance and high degree of purity and the ease of 
removal of non-cellulosic substances tliercfrom, the cotton fiber has been 
the source of cellulose for most investigations dealing with the chemistry 
of this complex material. The experimental evidence at hand indicates 
that indeed there are no differences in chemical properties of purified 
cellulose from various sources, although there may bo differences in rales 
of reactivity of the groupings brought about by certain dissimilarities in 
physical structure. 

The native or raw cotton fiber consists of a pi'imnry and a secondary 
wall. The latter, which comprises the bulk of tlie fiber and tlio backbone of 
textiles made from cotton, consists practically entirely of cellulose. This 
secondary wall is cnolosed by the thin so-called primary wall made up of 
fine criss-crossing strands of cellulose embedded in a membrane formed 
principally of wax and pectic substance, the latter oombined with cations 
such as calcium, magnoslum, sodium, potassium, iron, and aluminum. 'Pho 
lumen, or central canal, which is prominent in many fibera, also contains 
a small amount of those non-ccllulosic constituents. The microscopic struc- 
ture is revealed in Figures 1 and 2, which show cotton •fibor.s in longitudinal 
and cross-sectional view, respectively.* 

’ During manufacturing, more or less of the non-collulo.sic materials may 
be removed from the raw fiber depending upon the severity of the process 
employed. In the preparation of a fabric such ns heavy duck for tarpaulins 
or awnings, the cotton itself is subjected to no chemical processing what- 
soever and the resulting product contains, for all practical purposes, raw 
cotton, On the other hand, fabrics for clothing, for reasons of ease of 

'"CgIIiiIosp nnd Celhilosc Denvativea," edited by Fmil Olt. Inlorscienco Pub- 
IjsheiJ5, Ino. (10'13). 

"Cellulose Clicmlstiy,” Emil lloiiser. John Wiley & Sons, Inc. (1044), 

"Introduction to the Chomislry of Cellulose,” Mai-ali nnd Wood. Chapman & 
Hnll, Ltd, (1042). 

®nock, C. W,, Ramsay, R. C., and Ilarris, M., J. lioscarch Nat'l Bur. Standards, 
26, 93 (1941). 
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dyeing, fastness of color, etc., are thoroughly kier-boiled, bleached, soured 
and soaped, and the finished product is practically pure cellulose. The 
properties of cither type of end product are, of course, intimately asso- 
ciated with the nature of the cellulose, and any changes in the latter 
brought about by one treatment or another are usually revealed in a 
change in properties of the fabric. 

As early as 1842, it was recognized that cellulose was a constituent of 
wood, cotton lint, roots, and various other fibrous tissues, and that it was 
closely associated with the dextrorotatory sugar, glucose. Elementary 
analysis indicated the empirical formula C«HioOb and hydrolysis with 
mineral acid gave yields of glucose to the extent of at least 95^o of the 
theoretical, assuming the conversion 

CCaHioO*)™ — ^ n (GJIrsOO. 

Without going into the details and experimental proof of the structure 
of cellulose,'’ it suificcs to say that all evidence points to the formula 



Molecular formula hi cellulose 


in which a large number of p-glucoso units arc joined together by means 
of oxygen bridges in the manner shown. These arc referred to as 1, 4-gIu- 
cosidie linkages, and arise l)y the elimination of the eleinents of water 
between the hc'iniacetal group on carbon atom 1 of one unit and the 
hydroxyl group on carbon 4 of tlic adjacent iinil. The letter n denotes 
the nmnl)cr of anliydro-glucose residues which occur between the two 
end.s of tlie cellulose chains. Tins number is by no means a fixed one and 
in the various types of native cellulose it ranges from averages of about 
1500 to 3000. The total number of units in a cellulose cluvin is referred to 
as its degree of polymerization (D.P.). This number may be calculated 
by dividing the molecular weight by 162, the weight of an anliydro-glucose 
residue. The cotton fiber, or any cellulosic fiber, however, docs not con- 
tain a single chain, but is a composite of many chains wdiich are most 
probalily of dilTercnb lengths. It is therefore heterogeneous with respect 
to molecular size, or polymolecular. Thus, when reference is made to the 
degree of polymerization of a cellulosic material, the value represents 

° This may bo found in review form in a paper by Freudenberg, K., and Blomquist, 
C., Ber., 68B, 2070 (1936). 
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the average length of the many chain molecules of which it is comprised 

There are a number of methods available for the determination of the 
molecular weight of eellulosic materials. The classical ones used for low- 
molecular-weight organic compounds^ however, cannot bo applied and 
recourse is had principally to the viscosity, osmotic pressure, or end- 
group methods. The first of these, ie., the property of viscosity, is deter- 
mined by the dissolution of the cellulose in a suitable solvent, usually 
cuprammonium hydroxide, followed by^an ordinary viscoractric measure- 
ment. The viscosity method is a relative rather than an absolute one and 
requires calibration. At the present time, the most roliablo liroccclure 
for this purpose appears to be ultracentrifiigal analysis. Thus, Kracmer ‘ 
showed that the weight-average molecular weight ns determined by the 
ultracentrifuge was proportional to the intrinsic viscosity for cellulose 
and some of its derivatives, and derived constants which could be used 
for the calculation of molecular weight from viscosity. (Recent work by 
Gralen indicates that for eellulosic materials of very high molecular 
weight, a strict proportionality between intrinsic viscosity and molecular 
weight does not apply.) The osmotic pressure method nt present is prac- 
tical for use on derivatives of oelhiloso only. The end-group procodurc in- 
volves the determination of the quantity of oithor Lho aldchydo groups 
which occur at one end of the cellulose chains, or the loLrahydroxy glu- 
cose residues which occur at the other (boo forin\ila, page 15). 

Since each of the above properties, ie,, viscosity, osmotic pressure, or 
end-group content is a function of tho avorago molocnlar weight, those 
quantities are useful in determining tho extent of degradation of oelhiloso 
brought about by various treatments. Each method, liowcvor, lias certain 
limitations. These will be discussed as tho occasion arises. Tor llio most 
part, the viscosity of cellulose in cuprammonium 1ms boon tlio most lu’nc- 
tical method for the evaluation of molecular weight. 

It is not surprising that rather wide variations in molecular weights of 
native cellulpses have been found. In general, the liighcst values nrc ob- 
tained by ultra-centrifugal methods, and the lowest by cnd-gi-oup mctliods. 
A critical comparison of all the different procedures is not possil)lQ, how- 
ever, since the methods have been applied to different products. 

The manner in which the cellulose chains arc arranged in n fibrous ma- 
terial, ie., the nature of the molecular strucUiro, has been a matter of 
controversy for some time. Notable contributions in this reapeot have 
been made by Sponsler and Bore,® Mark,® and Meyer and Misch.’ The 


nCraemer, E. 0., Jnd. Eng. Ghm., 30, 1200 (1038). 

® Sponsler, 0. L, and Dore, W. H.. Fourth Colloid Symposium Monograph, 
Chemical Catalog, New York (1926). 

61, 693 (1928) , Kratky, 0., and Mark, H., Z. Phys. Chem., B36, 120 (1037). 
Meyer, K. H,, and Misch, L., Helv. Chim. Aola, 20, 232 (1937). 
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generally accepted picture at the pi* 0 B 0 nt timo is represented in Figure 3. 
It is seen that the fibrous structure is made up of molecular chains of 
various lengths lying roughly parallel to the fiber axis, and that in some 
regions they lie more closely together and possess a liighor degree of order 
than in others. Regions of close lateral packing whore the chains are par- 
allel are designated as “crystallino,” and these arc clilTcrentiaLcd from 
amorphous areas which possess a lesser degree of order. Tho former pro- 
duce the characteristic x-ray diffraction pattern of cellulose, while the 
latter introduces the general fogging which is almost always in cviclcnco. 
Although- it is not possible to draw a sharp line of demarcation between 
these two phases because of tho merging of one into the other (brought 
about by the continiiity'of the cellulose chains), tho bulk of most natural 
ccllulosic fibers is thought to be “crystalline.” Attempts have been made 



yigiit'o 3. Schcuiatio i'opi<'.‘-oul«Uon of cellulose cry.slnllilc alnictnn' .hIiowuij? liow 
:niim valoneo chains pass through more Ihuii one micelle (fringe micellar thcniy). 

a, 0 *, h', molecular ends inside the ciyslallized region of one inioollc, h, iniili’ciilc' 
end oulhuie the crysUiilizod region; /, Jength of cryslallixod region, 

to estimate the proportion of each by methods which involve the case of 
reactivity of various chemical agents wulli llio fibruus initLcnal" and, as 
might bo expected, the values which have been obtained vary with Liio 
method employed. 

Certain of the jiliysical properties of fibers arc licliovod to he related to 
the relative jii’opertics of eiystnllinc and amorphous cellulose jircscnt. 
example, the strength is conlnbiitctl primarily by tlic more highly crystal- 
lized areas. The ju’csencc of a large proportion of the latter also leads to 
brittleness. On the other hand, there is ample evidence to indicate that the 
amorphous portions contribute principally to elasticity, and ai'c involved 
in swelling, dyeing, and phenomena of a similar nature." These less highly 
organized areas presumably read more readily witli most chemical agents, 
a property which has been used to estimate the quantity of easily acces- 
sible regions in various types of ccllulosic materials. The resistance of 

® Nickerson, R. P., Ind. Eng. Chem., 33, 1022 (1041); Goldfmgor, Q,, Mark, II., 
and Siggia, S., Ind. Eng. Chem., 35, 1083 (1913). 

“ Mark, n., J. Phys. Chem., 44, 764 (1040). 
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highly ordered or crystalline spots to such a simple compound ns hy- 
drochloric acid has been dcraonstrated “ 

It is rather obvious from Figure 3 that the length of the cellulose chains 
in a fiber will also have a profound effect on its strength, high strengths 
being associated with long chains. Thus, from a practical point of view, it 
is desirable during tiie processing of, for example, cotton materials to main- 
tain as nearly as possible the original chain length of the cotton cellulose. 
In so doing, a fabric of high quality is attained. 


2. Chemical Natubb and Reactions of Cellulose 

From a knowledge of the composition and structure of cellulose, it is 
readily seen that it is similar in nature to n polyliydric alcohol and to a 
polysaccharide. Its chemical reactions are therefore similar to that of 
simpler organic compounds of this type. It contains at one end of each 
cellulose chain a liomiacctal or potential aldehyde grouji, and at the other 
a hydroxyl group nob present on the remaining anliydro-glucose residues. 
There is nothing unique about this hydroxyl group (which is in the 4 
position), except that its presence makes possible the estimation of the 
average molecular weight through the determination of Lctrahydroxy glu- 
cose. T^vo secondary hydroxyl groups arc found in the 2 and 3 positions. 
The two may be considered as a single glycol group, and as will be seen 
later they sometimes react ns one. Finally, each of the anhydro-gluooso 
residues carries the primary alcoholic group characteristic of glucose. 

The methods of analysis which arc applicable to the simpler oi-ganic 
compounds are not always suitable for cellulose, primarily !)ceausc of the 
lack of SLifiieient sensitivity. For example, Die licmiaeotal or potential 
aldehydic reducing group at one end of the ccllulo.se chain might be ex- 
pected to unclorgo reactions characteristic of this grouj). Indeed it (loos, 
but tlic number of these groups in, for example, several grams of cellulose 
is so small that their detection by ordinary mctliods is extremely diffioult. 
Another dilFiculty nrises from the fact limb cellulose is insoluble, and tlie 
reactions must take place in a heterogeneous system. 

With respect to the alcoholic imtiiro of cellulo.se, most of the reactions 
involve the formation of derivatives, i.e,, the adding-on to the chain mole- 
cule a group or groups to create certain characteristics not ])rescnt in cel- 
lulose itself. Such processes arc involved in the formation of alcoiiolatc- 
like compound.^, ethers (ethyl cellulose) and esters (cellulose acetate), all 
of which have wide commercial application. 

Inorganic esters of cellulose such as cellulose nitrate, sulphate, and 
phosphate are well known and are not difTioidt to prepare. The first of 
these, however, is the only derivative of this type which at present has 

Davidson, G. F., J. ToxUle Iml., 34, T87 (1943). 
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any commercial significance. The phosphate promises to assume some im- 
portance, particularly in the formation of flame-resistant cellulose. The 
preparation of any of these derivatives involves straightforward organic 
chemistry, except that conditions must be well controlled in order to 
minimize effects which tend to reduce the length of the chain molecules. 

One of the oldest and most important commercial reactions of cellulose 
involves the formation of a complex with alkalis. In 1844, Mercer noted 
that the properties of cellulose became radically changed when it was 
treated with 12 to 18 per cent sodium hydroxide; and since then many re- 
searches have been conducted to elucidate the nature of the chemical re- 
action. In spite of this, controversy still exists as to whether a true alco- 
holate, celliilosc-O-Na, is produced or whether the sodium hydroxide forms 
an addition complex of the type (celliilose-OH)j, • (NaOH)^. In any 
event, the formation of the so-called soda cellulose finds extensive com- 
mercial application since the compound serves as an intermediate in the 
preparation of many derivatives. An example may be cited in the prepara- 
tion of ethyl cellulose: the raw material is first treated with aqueous alkali 
to form soda cellulose 

(CJTioOO* + a^NaOn — v (GHsO^ONn). 

and this is then reacted with, for example, ethyl chloride 

(GIIsO^ONa), + iCIC*ri6— (Gn,O.OGH0* + jNaCl 

to form ethyl cellulose. The reaction is not unlike the preparation of ethers 
from aliphatic alcohols. The production of viscose rayon also utilizes as 
the first step the formation of soda cellulose whicli is subsequently xan- 
thated with carbon bisulphide and then j-egenorated. Althougli commer- 
cially the formation of ethers of cellulose utilize soda cellulose as an inter- 
mediate, the alcoholic hydroxyls will react directly with ethylene oxide, 
diazomethano, and with sodium metal in liquid ammonia. 

With respect to the process of mercerization, which involves treatment 
for a very short period of time witli al)OUt 18% sodium hydroxide, the 
principal effects on cotton are to swell the fibers longitudinally, shi-ink 
them laterally, and give them a greater absorption of water, dyes, etc,, as 
w'cll as in increased chemical reactivity. When the treatment is carried 
out under tension, the fibers also acquire a smooth lustrous surface and 
exhibit an increase in strength. The increase in absorj'itive power and 
reactivity is ascribed to the formation of amorphous areas in the ccllulosic 
structure at the expense of the crystalline portions. 

Unlike the reactions of cellulose with sodium hydroxide, the formation 
of other metal alcoholatcs have no commercial value. From an academic 
point of view, however, studies of the reactions of such compounds as 
thallous ethylate to form the thallium alcoholate of cellulose has been of 
use in elucidating the structural characteristics of ccllulosic materials. By 
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a clever method of analysis, the area of the internal surface or the number 
of available surface hydroxyl groups may be determined.’’’ 

Finally, the formation of cellulose complexes, which is in all probability 
associated with the alcoholic nature of cellulose, cannot be overlooked. 
Cupraramonium hydroxide solutions arc the best known solvents for cel- 
lulose, and the complex which is formed not only finds an academic use in 
evaluating molecular size, but serves as an intormediato in the prepara- 
tion of cuprammonium or Bemborg rayon. Certain other organic bases, 
such as dibenzyl-dimetliylammonium hydroxide arc oxcollcnt swelling 
agents and fair solvents for cellulose. Compounds of tlio totraalkylam- 
monium type have a potential value in that they dissolve cclluloso and 
permit the preparation of derivatives in a homogeneous medium instead 
of a heterogeneous one, as in the case of the inorganic bases. 

The alcoholic groups also enter into reactions which arc sometimes 
detrimental to cellulosic materials. These involve oxidation of either or 
both the secondary and primary alcohol groups to aldehyde or carboxyl 
groups. A detailed discussion of degradation by oxidation follows in 
Section B. 

The reactions characteristic of polysaooharidos invariably involve a 
shortening of the cellulose chains, ie., hydrolysis of glucosidic linkages 
by the addition of water. This effect may bo brought about directly by 
the use of acids, or it may result as a secondary process from activadon 
of the glucosidic bond through oxidation of one or more of Llio hydroxyl 
groups. The intermediates between high molecular weight ecl!ulo.so and 
glucose which are formed by this process also possess the properties of 
polysaccharides. That is to say, cleavage of the oxygon bridges l)etwc('n 
glucose residues lowers the chain length, but does not ossoiUially alter the 
chemical properties. 


B. NORMAL DEGRADATION REACTIONS"" 


Henry A. Rutherford 


Cellulosic substances are readily degraded by acid.s, oxidizing agcnls, 
enzymes, heat, and light. With rare exceptions, ilic processes of break- 
down are complicated and the chemical mechanisms of the itMiction.s are 
not comifietely understood. This is particularly true of attack hy en- 
zymes, heat, and light, and it is not surprising when the chemical nature 
and structure of cellulose are considered. Not only arc there a numbor of 
vulnerable points in the molecule, but the accessibility of tliesc points is 


^^Harris, C. A., and Piirvcs, C. B.. Paper Trade J., 110, 20 (laiO) 
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limited by the physical arrangement of the gi-oupings and by tho insolu- 
bility of the cellulosic material. Thus, it is expected that most chomioal 
reactions would follow a heterogeneous course. Because of this, it has not 
been possible to develop with any degree of certainty the theoretical as- 
pects of cellulose degradation. Theoretioal considerations have boon pre- 
sented in recent literature principally by Mark, Meyer, Freudenberg, 
Kuhn, and Simha,^® but no conclusive experimental evidence is yet avail- 
able to support the relations in a quantitative way. It is the purpose of 
this section to describe only those chemical degradation reactions of cellu- 
lose which are understood best, and to i*eview briefly the properties of 
celluloses modified by various chemical means. * 


1. Hydrolysis op Cbsllulose 

When a cellulosic material is subjected to the action of an acid, par- 
ticularly one of the mineral acid series, a hydrolytic tyj^c of breakdown 
which involves a simple cleavage of 1, 4-glucosidic linkages occurs The 
result of such an action is a shortening of the cellulose chain to produce 
fragments having lower average molecular weights than that of the un- 
treated cellulose. The reaction is essentially a reversal of the procedure by 
which the chains are built up, and may be represented by the sclicinc 
given on page 22. 

If the reaction is allowed to proceed far enough, glucose nnd a small 
amount of its acid decomposition products are the final substances ob- 
tained. For the reasons mentioned above, the degradation docs not talvc 
place in a uniform manner and if the reaction is stop]ied prior to comjilc'- 
tion, the partially hydrolyzed cellulose may be divided into a minihcr of 
fractions, the molecular weights of which may vary between that of glu- 
cose and the original material itself. Thus, tho degradation product con- 
sists of a homologous series of celluloses in -which the macromolociilcs may 
have arrangements similar to those in the original material, but arc non- 
homogenoous in character and exhibit lower average innlecular chain 
lengths tlian the original colliilobc. This mixture of cellulosic substances 
obtained by the action of acids is referred to by the generic term “hydro- 
ccliulose." Hyciroccllulose is thus not a homogeneous chemical entity, as 
earlier investigators believed. 

Girard “ was one of the earliest investigators to find tiiat hydrocellulosc 
could be prepared by a number of methods. He was able to produce a 
series of white, friablc’powders by immersion of cellulose in mineral acids, 

Meyer, K. II , Hopff, H , and Mark, H , Ber, 62B, 1103 (1929) ; Monlioll, F. W., 
and Simha, R., J. Chem. Phpa., 8, 721 (1940) ; Simhn, R., J. Applied Phys., 12, 569 
(1941). 

^‘Girard. A., CompL. rend., 81, 1106 (1875); 88, 1322 (1879); Ann. Chim. Phys, 
24, 337 (1881), 


22 


DEGRADATION OF CELLULOSE 



Molectilar rcacUon showing Ike hydrolgUo breakdown of cellulose in Iho 
presence of an add. 


by the action of moist gaseous halogen acids, or by impregnating the fiboi's 
with solutions of certain organic acids and then heating tiio materials at 
100® C. The organic acids arc found to produce tendering at a slower rate 
than the mineral acids. This appears to bo related to the fact that the 
former are weaker acids. 

Birtwell, Clibbens and Gcake ** were the first to make a thorough study 
of the factors which influence the rate of hydrolysis of cellulose by acids. 
Primarily, the rate is a function of tho kind of acid, its concentration, and 
the temperature. By the proper control of eacli condition, it is possible to 
duplicate with a fair degree of precision the preparation of a hydrocellu- 
lose of given physical and chemical properties. 

Two of the most characteristic changes which accompany tiic degrada- 
tion by acids are a decrease in viscosity and in strength of the cellulose. 
As stated in Section A above, both of these properties are dependent to a 
considerable extent upon the average length of the cellulose chain mole- 
cules, and it is not surprising that a definite and practically constant rela- 
tion between loss in strength and decrease in viscosity is found. This rola- 

Birtwell, C., Clibbens, D. A., and Geake, A., J, Textile Inst., 17, T146 (1920). 
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tionship, expressed in terms of the reciprocal of viscosity, namely, the 
fluidity is emphasized in Figure 4. The unique feature of this relation- 
ship is that it is independent of the nature and conditions of tlie acid 
treatment, and it obtains for a pure cellulosic fiber, yarn, or fabric. Kesults 
of this kind lead to the conclusion that the degradation of cellulose by 
acids during the early stages of attack is fairly uniform over the chain 
molecules, and that the glucosidic linkages are broken more or less at 
random. Highly localized attack on cellulosic fibers could result in a large 



Figure 4, The relation be- 
tween breaking strength and 
fluidity of hydrocelliiloses. 
(Clibbens and Ridge 


lo.s.s of strength without an accompanying appreciable increase in 
fluidity. 

Although from a practical point of view, the most important aspects of 
cellulose degradation are in the early stages of attack, a number of in- 
vestigations have been directed toward an examination of the properties 
of cellulose after prolonged treatment with acidic .substances, In a hetero- 
geneous system, it is invariably found that the rate of reaction as shown 
by the jirojicrtics of, e.g., strength and (luidity, takes place rapidly at first 
(i.e., during the early stages) and slows down considerably as the dura- 
tion of treatment is prolonged. It is of interest that, judged by some prop- 
erties of tile residual cellulose, the hydrolysis appears to stop short of 
completion. Thus, for example, the fluidity of cotton cellulose in ciipram- 
monium reaches a maximum of about 50 upon treatment with hydrochloric 
or sulphuric acid instead of the maximum value possible, about 63. This 

As a matter of convenience in referring to viscosity characteristics, the term 
"fluidity,” which is the reciprocal of viscosity, was intioduced. The use of this term is 
commonly employed in the description of textile materials. 

Clibbens, D. A„ and Ridge, B. P., J. Textile Inst., 19. T389 (1928). 
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is shown by the results obtained by Davidson (Figure 5). When mer- 
cerized cotton was treated in a similar manner, a maximum fluidity of 
about 60 was attained. The degrees of polymerization calculated from 
Kraemer’s constants, which correspond to fluidities of 60 and 60, re- 
spectively, are 190 and 96. Thus, the degradation is far short of being 
complete, particularly in the unmercetized cotton. These results, in addi- 
tion to the observation that the x-ray diagram of the powdery residue 
was identical with the original cellulose, indicate that the acid docs not 
penetrate the crystalline portions of the fibers and that the action is 
confined to hydrolysis of glucosidic linkages situated in the amorphous 



Ouration of Treatment of Cotton witti Acid (ftoars) 

Figutc 6. The ofTocl of inoiganic acids upon fluidity, bhowiug both 
the extent and rolntivo mica of nUiick, (/^duiVtson 

regions, It is generally assumed that merccrizntion increases llic content 
of amorphous areas in cotton, and the higher rale of hydrolysis found with 
the raercerizecl as compared with the unmcrcerizcd siii^poris this view. 

Although other properties such as solubility in alkali and moisture ab- 
sorption also reach an approximately constant value after prolonged 
hydrolysis, it should be emphasized that the action docs not entirely cease, 
but continues extremely slowly. Ultimately, even in a heterogeneous sys- * 
tern, the cellulose is completely destroyed. 

A more com]3lctc study of the relation between strength and degree of 
polymerization of cellulose degraded by acids was made by Slaiidinger 
and Sorkin.*® It was found that materials having D.P.’s of 200 to 250 dis- 
integrated on handling, while in the range of 250 to 700 both the breaking 
strength and the elongation at the break increased with increase in D.P. 

^‘^Staudingcr, H., nnti Sorkin, M., £er., 70B, 1505 (1037). 
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« 

Further increases beyond 700 resulted in only slight further improvement 
in these properties. 

An obvious result of the shortening of the cellulose chains in the man- 
ner indicated above is a production of new aldehydic end groups. Accord- 
ingly, another characteristic change which accompanies the formation of 
hydrocellulose is an increase in reducing properties. The presence of these 
groups is shown by the reducing action of hydrocellulose on copper {e.g., 
Fehling's solution), ammoniaeal silver nitrate, and by reaction with 
phenylhydrazine, hydroxylamine, Schiff’s reagent and ethyl mercaptan. 
The most commonly used method for determining this type of end group 
has been the well-known "copper number” method developed originally 
by Schwalbe.^® The method depends on the reduction of copper from the 
cupric to the cuprous state by the cellulosic material. The original pro- 
cedure has been frequently modified, but, despite numerous improvements, 
it still leaves much to be desired. Thus, the copper number obtained for a 
particular samiile has been shown to depend on such factors as tempera- 
turo of heating, time of heating, ratio of weight of sample to weight of 
solution, physical state of the sample (fineness of cutting or grinding), 
composition of the solution containing the cupric ion, solubility of the 
CusO formed in the motlicr liquor, and the progressive degradation of 
the cellulose by the alkaline solutions employed For these reasons, the 
copiior number at best can be considered to be only a rough rneasure of 
the content of reducing groups of a cellulosic material. The results ob- 
tained by this motliod, liowcver, have more significance when it is applied 
to a homologous scries of samples prepared by similar treatments. Tims, 
some interesting relationships are obtained between copper number and 
eg , viscosity of hydrocelluloses. It has been shown that when the copper 
number lies within the limits of 0.3 and 4.0, its relationship to viscosity 
can be cxpros>ccl by the equation = 2.6 whore is the copper 
number and V is tlio log of the relative viscosity. 

The validity of the chemical mechanism of hj’drocellulo^e formation is 
further demonstrated by the direct relation between aldcliydic reducing 
gi’oups, determined by a mctliod .s])ccific for these groups, and fluidity 
The rclationsliip for a .scries of hyclrocclluIo.ses down to molecular chain 
lengtiis which correspond to almost total loss in strength of cotton fibers 
is shown in Figure 6. 

The decrease in molecular size of cellulose during degradation with 
acids is also accompanied by an increase in solubility, especially in al- 
kaline solutions, However, even boiling water dissolves a fraction of hy- 
droccllulose which is higher in reducing power than the original hydro- 
cellulose. When hot dilute solutions of alkalies are used, additional soluble 
decomposition products are obtained. The loss in weight, the effect on 
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fluidity and breaking strength, and the change in copper number of hydro- 
celluloses on boiling in alkaline solutions has been rather extensively in- 
vestigated. In general, it has been found that the reducing power of the 
hydrocellulosD on treatment witli hot alkali is decreased and may even 
fall to nearly zero without necessarily being accompanied by extensive 
weight losses. The solubilities in alkali of hydrocolluloses appear to be 
related to the reducing power of the material; that is, hydrocclluloscs of 
the same copper number have been shown to have the same solubility. On 
boiling in alkaline solutions, they sometimes oxliibit a oonsidernble loss in 
weight without undergoing a large change in fluidity, and in tliis respect 
they dilTcr from most other types of modified celluloses. 



FLwoirr 


Figure 0. Hclnlion of fildoliydio ooiiLont of hyd)'ucuIluIu!<Gs to fliiidily. 
{iJarlin, Smith, Whistler, 

The practical aspects of degradation of cellulose by hydrolysis were 
brought out a number of limes during World War II. It was perhaps em- 
phasized more during this period because of the many treatments winch 
were developed to give cotton fabrics certain desirable characteristics or 
to prolong their useful service life. One such treatment wa.s employed in 
the production of the so-called Duck, Cotton; Fire, Watei*, Weather, and 
Mildew Resistant. Studies of the mechanism of deterioration of tins type 
of fabric revealed that in many instances the chlorinated paraffin present 
in the finish was unstable to heat and/or light, and liberated hydrogen 
chloride. In the presence of moisture, this compound had an adverse effect 
on the cotton, the severity of attack depending upon tlic conditions which 
lirevailed at the point of usage. An examination of the strength-fluidity 

Martin, A. R., Smith, L., Whistler, R, L., and Harris, M., J. liescarch Nat'l, Bur. 
Siwulards, 27, 4‘19 (lOdl); Aw. Dvesluf} liaptr., 30, 028 (1041). 


B. NORMAL DEQRADATION REACTIONS 


27 

relationships of damaged tentage sometimes gave results which were simi- 
lar to the relation shown in Figure 4 for hydroceJluloses. ,This was re- 
garded as strong ovidenee that the breakdown was caused by hydrolysis 
of the cellulose and not by some other means. (See Chapter VII, Section A, 
2-b.) This knowledge lent a scientific background for tlie incorporation 
of basic substances in the finish for the purpose of absorbing HCl, thus 
preventing the attack on the cotton. Experience with this fabric has shown 
that the durability was greatly improved after the use of basic substances 
by the finishers became widespread. 

In view of the well-kno^vn sensitivity of cellulose to acids, it is safe to 
say that any flameproofing treatment for cotton textiles should not leave 
an excessive acidic residue on the fabric. Some rather extensive studies 
have been carried out to reveal the level of acidity at which cotton begins 
to deteriorate rapidly. Obviously, there is no definite answer to this ques- 
tion because of the dependence of rate of breakdown on the severity of 
other conditions (e.g., temperature). However, it appears that fabrics 
which are to be subjected to outdoor weotliering or to elevated i;empera- 
tures indoors should not give water extracts which are below pH 6.0. 

2, Oxidation of Cellulose 

In contrast to hydrolysis, the oxidation of cellulose is an extremely com- 
plicated process, and results in the formation of a wide variety of modified 
celluloses, the structures of which are not known m the majority of cases, 
The reaction products are, in general, heterogeneous with respect to both 
structure and molecular size and do not constitute chemical entities For 
this reason the term "oxyccllulosc” has no moaning other than to identify 
a ccllulosic material which has been attacked by an oxidizing agent. The 
need fur more specific terms to identify tlic products lias been recognized, 
and there are indications that a system of nomonclaturc is fortiicoming 
To avoid confusion, however, the present discussion will follow the con- 
ventional methods of designating the products of oxidation. 

From a technical point of view, the oxidation of cellulose is a subject 
of great importance. In the commercial processing of cellulose, fur cxain- 
jilc, bleaching treatments are frequently rcquiixid to remove the colored 
sulistancos wliich impart a yellowish tint to the material; in such treat- 
ments, oxidizing agents such as hypochlorite or hydrogen peroxide may be 
employed, and unless care and control are exercised, severe tendering of 
the cotton cellulose, due to oxidative degradation, may occur. Cellulose 
is also readily degraded by oxygen in strongly alkaline solutions, a re- 
action which is utilized in the preparation of viscose rayon. 

The properties of any oxycellulose depend upon the metliod by which 
it is prepared, but in general it may be said that in neutral or acidic solu- 
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tions, oxycelluloses of the reducing type are formed (i.e., they show a 
high content of reducing groups as measured by the copper number 
method), whereas in alkaline solutions, the acidic type of oxycellulose is 
formed. The latter has sometimes been referred to as the “'methylene blue” 
type since it exhibits rather high affinity for methylene blue. Acidic oxy- 
celluloses tend to show high retention of alkali presumably duo to the 
presence of carboxylic acid groups. 

The manner in which hydrogen-ion concentration may influence the 
rate or type of oxidation has been extensively, studied by many in- 
vestigators. Oxidation generally proceeds most rapidly near pH 7 and 
for this reason neutrality is always avoided in the commercial bleaching 
of cotton. This is shown for oxidation by chlorine solutions in Figures 7 
and 8. The data also eniplmsizo tlic fact that the rate or cxleni of oxida- 
tion is not necessarily ascertained by the measurement of the change in 
any one given property such as copper number or methylene blue absorp- 
tion; thus, as indicated by the copper mnnber method, the rate is greater 
at pH 46 tlian at pH 11.2, whereas, ns indicated by methylene blue 
absorption, the effects of pH appear to be reversed. 

The rate of oxycellulose formation is also influenced by temperature, 
concentration of oxidant, and the nature of the oxidizing reagent itself. 
As an example of the last, hypobromito is much more effective for a given 
set of conditions tlian hypoclilorito. Finally, the rate of oxidation of tlic 
cellulose may be gi’catly accelerated by tho presence of another oxidizabic 
substance in the system. Thus, oxidation witli dicliromate in the presence 
of oxalic acid is far more rapid than in the presence of sulfuric acid. As 
another example, it has been shown that when cotton, on which a reduced 
vat dye has been absorbed, is treated with hypochlorite, tho oxidation of 
the cellulose is greatly accelerated. 

The extensive literature on oxycellulose is indicative of t!io enormous 
amount of work which has been done in tliis field and yet, at the i)rosenL 
time, it must be concluded that the chemical mechanism of oxidative at- 
tack by most reagents is not clearly understood. It would appear that the 
attack on cellulose would be confined to three points in the anhydroglucosc 
residue of the cellulose chain: (1) The aldchydic end groups, of which 
there are few if any in native cellulose, could be oxidized to carboxyl 
groups. Such a process would not be expected to result in significant 
changes in the properties of ccllulosos of high average chain lengths but 
might, alter considerably the properties of an appreciably degraded hydro- 
cclliilose. (2) The primary alcohol groups could bo oxidized to the alde- 
hyde or carboxylic acid depending upon the oxiclizing conditions. Such 
oxidations would lead to a reducing type or an acidic type of oxycellulose, 
depending upon whether the reaction proceeded to tho aldehyde or to the 
acid. (3) The glycol group (the 2,3-dihydroxy group) of the glucose resi- 
due could be oxidized with the formation of kctonic, aldchydic, or car- 
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Figure 7. The effect of pH on tlie rate of increase of copper number. 
(Clibbens mid Ridge 

0.04 N sodium hypoclilorito at26» C.; ratio of cotton to solution 1 ;100. 



Figure 8 The cfTecl of pH on the rate of mcrca-’O of inolh- 
ylcuc blue absoiption (Chbbciis and Ridge 

Oi N sodium hypochlorite at 26“ C; ratio of cotton to 
solution 1 100. 


Clibbens, D. A., and Ridge, B. P., /. TexlUe ImL, l8, T135 (1927). 
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boxylio groups, depending upon tho course of the reaction. These oxida- 
tions may be represented by the following formulae: 
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Molecular rcacliom nhomig the oxululion of ccUhIouc at 


{}) Ike aldvhydic end group; 
(2) the primary alcohol (ponp; 
(S) the glycol gump. 


A major dilTicully in most attempts to ascertain the course of tho oxida- 
tion of cellulose lins been the lade of analytical methods of suflicient 
specificity and sensitivity to determine accurately the number of any of 
the above-mentioned groups wliicli might bo formed, or to allocate them 
to their positions in the glucose residues. The limitations of such methods 
as those involving tho measurement of copper number as an estimate of 
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reducing groups or mcthyleno blue absorption as an estimate of acidic 
groups are well recognized, and quantitative conclusions based on their 
use may be open to criticism. Nevertheless, considerable use has been made 
of them and they have been helpful in obtaining a rough qualitative pic- 
ture of ^10 course of some of the reactions. More recently, a number of 
new methods for the estimation of aldehydic and carboxylic groups in 
cellulose have been developed and are at present being applied to quan- 
titative studies of the functional groups in various types of oxycelluloses. 

Until recently, it was widely assumed that the oxidative attack occurred 
at the primary alcohol groups in the cellulose chain molecules causing 
either weakening or actual scission of the glucosidic linkages. In favor 
of this assumption was the fact that many of the oxycelluloses yielded 
carbon dioxide during boiling with hydrochloric acid, a reaction which is 
characteristic of uronic acids. Oxidation of the primary alcohol group to 
the car])oxyI group stage would result in the formation of a glucuronic acid 
nnliydride residue. Unfortunately, the hypothesis of simple oxidation of 
the primary alcohol group to one of a carboxylic acid type does not ade- 
quately explain the behaviors of all of the various types of oxycelluloses. 
Thus, Clibbens and Ridge ^ have shovm that, whemas there is a propor- 
tional increase in cuprammonium fluidity and in copper number with de- 
crease in tensile strength for hydrocelluloses, regardless of the type of 
acid used in their preparation, this proportionality does not exist for all 
types of oxycellulose. The data in Table 1 illustrate this point. Similarly, 


Table 1. Relation Between Cuprammonium Fluidity and Strength of Hydrocollulose 
and Different Types of Oxycelluloses (Clibbens and Ridge) 


Cupriiminoniuii) 

FUiiiiity 


Cftiiflcd by 
AuitI Attnck 


Peroontage loss of alrength (singlc-tiirond breaking load) 

Caiiswl by Causcil by Caiiae<t by 

Attack with Attnck with Attack with 

Ilvporhloiitc Dichromaft? Dichroninte plus 

or uypobromito plus IltSOi Oxalic Acid 


10 

10 

7 

2 

20 

34 

25 

11 

30 

58 

47 

26 


1 

0 

16 


no relationship exists between copper number and tensile strengths for all 
types of oxycellulose For example, a rise of one unit in copper number 
may correspond to complete loss in strength as in the case of alkaline 
hypochlorite modification, to 50% loss as in tendering by acids, or to 
practically no loss in strength as in the oxidation with dichromate. Since, 
on the basis of the molecular chain theory, both the fluidity and the ten- 
sile strength of cellulose arc regarded as functions of chain length, this 
apparent anomaly was at first disturbing. 

As a solution of this difficulty, Davidson suggested that some types 
of oxidation do not result in direct scission of the chain molecules but 
reduce the chemical stability of some of the linkages in the cellulose chain 

22 Clibbona, D. A., aqd Ridge, B. P., J. Texi^e Inst., 19, T3S9 (1928). 

Davidson, G, F., J. Textile Inst., 29, T196 (1938). 
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toward alkalies. This suggestion was based on tlic discovery of Clibbens 
and Ridge that the changes in fluidity and strcngUi after boiling oxyeclUi- 
loses in alkaline solutions wei*c such that the fluidity-strength relation was 
the same for ail types of oxycclluloso. Types of oxidation which do not 
rupture the chain would not have an approciablo effect on strc^igth; at 
the same time, these types of modification result in a material which is 
labile toward alkali and accordingly the fluidity in cuprnmmonium solu- 
tion will be high. This, then, would explain the apparent lack of corycla- 
tion between strength and fluidity for all types of oxycclluloses. 

On the basis of this reasoning, Davidson fiirLhor postulated that if the 
fluidity of this type of oxyccllulosc could be clclormincd witboiU the use 
of alkaline solutions, then it would be possible to obtain a true measure 



Figwe 0. Hclulion l>olwocii siilroccIliilM^c fliiiclily aiul 

cu)>rRtpinoniHm nwidiCy of niotljfioti cotUiiis. {Ddviil- 

60 

1 Hydrochloric acid. 6. Neutral li.vfKjchlorilc’. 

2. Aikulino liypobromilo, 6. Dichi-oiiiiUo -p i^ulfunc' 

3. Alknlinc liypochlorilc. aciil. 

4. Acid Jiypochlorite. 7. Dichrmniiti' -|- oxalic acid 

of the average length of the molecular chains as they exist in the fiiior. 
Fortunately, it was found possible to do this by first nitrating the cel- 
luloses and then determining the fluidity of the derived nitrocmllulosos in 
acetone or butyl acetate solution. By this procedure, it was found that 
discrepancies between strength and fluidity {i.o., oxycclluloscs which ex- 
hibit high strength and high cuprnininonium fluidity) disajipcarcd. Thus, 
oxycclluloscs of the typo eharnclcrii^cd by iiigh strengths also showed low 
nitrocellulose fluidities. 

From the foregoing, itisrondily seen why the relationship of cupram- 
monium to nilrocelJiilosc fluidity as found for all types of hyclrocclliilosos 
does not exist for all types of oxycclluloscs (Figure 9). If, however, the 
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oxycelliiloscs are first boiled in alkaline solution, in order to complete the 
scission of the cellulose chains at or near the alkali-labile linkages, the 
nitrocellulose and cuprammonium iluidities change to a greater or less 
extent depending on the type of oxidative modification, and the relation 



Figtiic 10 Relation between nitioccllulosc flmdilv niul 
cnpiiunnioiiiun) Oiiidity of niodilied cottons after boiling 
with hodimn hydroxide solution. {DavnUoti''^^) 


between tlie two fluidities can then be expressed by a single curve as shown 
in Figure 10. Those cxpcninenls left little doubt tliat the reducing types 
of oxycolliilosc do contain alkali-sensilivc linkages. 

David.'^oiTs liy])othcsis received considerable support from the investiga- 
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Molecular reaclion showing the oxidation oj cellu- 
lose by periodic acid. 

tions of Jackson and Hudson who showed that in the oxidation of cellu- 
lose by periodic acid, cleavage of the glucose ring of the cellulose chain 
between carbon atoms 2 and 3 occurred with the conversion of the second- 
ary alcoholic groups to aldehydes, according to the scheme above. 
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Subsequent to tho work of Jackson nnd Hudson, the oxidation of cel- 
lulose by periodic acid has been studied extensively by Davidson,^* and 
more recently by Ruthorford, Minor, Martin and Harris, and by Purves 
and coworkers.®®'” By carefully controlling the conditions, it is possible 
to confine the reaction to the oxidation of the secondary hydroxyl groups 
to aldehyde groups in accoitlanco with the above equation. Thus, it can be 
shown quantitatively that two moles of aldehyde groups arc produced 
for each mole of oxidant consumed. Further, the reducing groups of tho 
periodic acid oxycclluloscs can be converted to carboxyl groui)s, the direct 
titration of which provides an independent chock on tho content of the 
former.®® 

The theoretical considei'ation of this type of oxidation reaction has led 
to some interesting results, and has enabled a prediction of the types of 
oxidizing agents which would effect a similar dialdchydo clenvago of cel- 
lulose.” Briefly, the rcquii’cmcntB of the oxidant arc as follows: (1) Tho 
central atom of the oxidant must have a dinmolor of nl)oiit 2.5 to 3.0 A, 
which is largo enough to bridge the space between the hydroxyl groups in 
a 1,2 glycol (in tho ease of cellulose, tlio hydroxyl groups in the 2 and 3 
positions). It must also be able to coordinate at least two hydroxyl gi-oups 
in addition to the groups already attached to it. This enables the forma- 


tion of an intermediate cyclic cstei 
the central atom: 

^ u. 

as shown below, where R contains 
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hlolccular reaction showino imtlalion »} cvllHio«o 
glycol group through Iko stages of cyclic osier, freo 
radical, dialdehyde. 


(2) The valence of the central atom must exceed by two units the vnlcnoo 
of the next lowc.st stable state, and the oxidawl should have a Rtandurd 
oxidation potential of about — 1.7 volts witli respect to the next lowest 
stable state, With these provisions, the valance of the central atom is 
reduced to form a free radical which rearranges to produce the dia|dehyclc 
as shown above. 

Davidson, G. F., J. Textile ImlUutc, 31, TSI (1040) ; 32, TlOO (10-11). 

28 Rutherford, H. A , Minor, F. W., Marlin, A. R,, »iid rimris, M„ J. Research Nall. 
Bur. Standards, 29, m i\m). 

20Hcidt, L. J,, Gladding, E, K., nnd Purves, C. 13., Paper Tiatlo J., 121, 81 (1945). 
(1942) ^ ^ * Gkddiiig, E. X., and Purvea, C. 33., Paper Trade J., 115, 41 
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It is of interest tliat common oxidants such as nitric acid, hypochlorite, 
dichromate, and permanganate do not have all the properties regarded as 
necessary for the diajdehyde type of oxidation and these aro not known 
to oxidize cellulose in this manner. In fact, certain properties of celluloses 
modified by these agents make it clear that the mechanism docs not fol- 
low that of periodic acid. In addition, oxycelluloses, which on the basis 
of certain criteria are of the same type, have been found to yield products 
which vary considerably in other properties. Thus, Davidson has re- 
cently compared the properties of oxycellulose prepared with chromic acid 
and periodic acid and has observed rather profound differences in their 
behavior, although both reagents give reducing oxycelluloses as deter- 
mined by the copper number method. He suggests that the cellulose is 
more uniformly attacked by the latter reagent, whereas the action of 
chromic acid is limited primarily to the noncrystalline regions. Support- 
ing this suggestion is the fact that the x-ray patterns are not destroyed 
by a high degree of oxidation with chromic acid, whereas periodate grad- 
ually destroys the characteristic x-ray diagram of cellulose. 

A different explanation for the behavior of chromic acid toward cel- 
lulose has been put forth by Staudinger and Sohn, who suggest that glu- 
cosidic linkages are converted to carbonic ester linkages, such linkages 
accounting for the alkali-lability of oxycellulose. However, as already 
pointed out by Davidson, a similar reason could be given to explain the 
mechanism of oxidation by periodic acid, which produces oxycelluloses 
that are even more alkali-labile than chromic acid oxycelluloses. 

Another mechanism of oxycellulose formation which has been ad- 
vanced involves as a lU'imary reaction the splitting of 1,4-gliicosidic link- 
ages This cannot be considered to be a general reaction since oxidations 
can occur under conditions which do not produce significant changes in 
chain length 

A very different type of oxidation has recently been described by Ken- 
yon and his coworkers who used nitrogen dioxide as the oxidizing agent. 
In contrast with most types of oxidations, which when carried to excess 
result in complete disintegration of cellulose fibers, it was found that at 
any stage of oxidation with nitrogen dioxide, the cellulose still retains 
its fibrous structure. Of especial interest, however, is flic fact tliat the 
oxidation appears to be confined entirely to the primary alcoholic groups 
and results in the conversion of these groups to carboxylic acid groups. 
Oxycelluloses having carboxyl contents which approached theoretical 
values calculated on the assumption that all primary alcoholic groiijis 
have been oxidized were prepared by these investigators. 

The effects of another gaseous oxidizing agent, ozone, have been in- 

28Davidson. G. F., J. Textile Inst., 32, T109 (1941). 

Yaekel, E C., and Kenyon, W. 0., J. Am. Chem. Soe., 64, 121 (IQ42). 

Unruh, C. C., and Kenyon, W, 0., ibid., 127. 
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vestigated. It was found that, in the presence of water, the reducing typo 
of oxycellulosc is the principal product, although a slight increase in 
raethylono blue absorption occurs. This is attributed, as in the case of 
other oxidizing substances, to the formation of some carboxyl groups. 
The rate of oxycellulosc formation by ozono is greatly inhibited by first 
acetylating the cellulose, while the efieeb of mercorization is the reverse; 
that is, oxycelluloso formation is accelerated by pretreatment with alkali. 

A number of oxidizing agents such ns hydrogen peroxide and sodium 
chlorite appear to be much loss drastic in tlioir elTcct on cclluloso and 
accordingly have found use in commercial blenching processes. It has 
been claimed that the latter bleaches cotton goods without affecting 
oxycelluloso formation.®*^ In the acid region {f.e., chlorous acid), it oxi- 
dizes the aldehyde groups of modified celluloses to carboxyl groups 
without producing any other change. Thus, a dialdohydc type of oxyccl- 
lulose produced by the action of periodic acid may be converted to a cor- 
responding dicarboxylic acid by treatment with chlorous acid.®® 

Finally, it should again bo pointed out that, while the oxidation of cel- 
lulose by periodic acid is confined largely to the glycol group and that 
produced by nitrogen dioxide to the primary hydroxyl group of the glu- 
cose residue, other oxidizing agents are less specific and ])robnbly result 
in mixtures of the above reactions. This fact has seriously complicalcd 
attempts to elucidate the nature of the chemical reactions involved. Fur- 
ther advances in our understanding of the nature of the reactions of 
various oxidizing agents with cellulose will depend on a more accurate 
evaluation of the number, type, and location of the kctonic, aldcliydic, or 
carboxylic acid groups which may be produced during oxycellulosc for- 
mation. 

Most oxidized celluloses undergo a striking change when they arc 
treated with alkaline solutions. It is possible to completely remove tho 
reducing groups by such a treatment to tho extent that the remaining cel- 
lulose cannot be distinguished in this respect from unmodified cellulose. 
This may or may not be accompanied by an apprceiiiblc loss in weight, 
depending upon the type of oxidized cellulose in question. The clTcct of the 
so-callcd “alkali boil" on oxycolluloses has been demonstrated by many 
investigators. The elTecl on nitrocellulose fluidity is shown by a compari- 
son of the results in Figures 9 and 10. In addition to a change in this 
property, a loss in strength occurs because of tho scission of alkali-labile 
linkages, and the production of short chain fragments. 

The periodic acid oxycelluloscs arc particularly characterized by their 
susceptibility to further attack by alkaline solutions. Tho alkali-sen- 
sitivity of these materials, as measured by solubility in hot dilute sodium 
hydroxide and by cuprammonium fluidity is about proportional to tho 

®®VincGnt, G. P., ol al., Am. Dyestuff Replr., 30 , 368 (1941). 
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content of aldehyde groups, at least in celluloses oxidized up to the extent 
of two glucose units in every hundred. It is of extreme interest that this 
sensitivity toward alkali is almost completely removed when the alde- 
hyde groups are further oxidized to carboxyl groups^® (by chlorous acid 
treatment). This same stabilization may be produced by the action of 
diazomethane on the periodate oxycellulose.®* Thus, the sensitivity of this 
type of oxidized cellulose does not depend solely on the rupture of the 
glucose ring between carbon atoms 2 and 3, but is related to the specific 
instability towards alkali of the dialdchydo formed during the oxidation. 

The efficacy of alkaline solutions in producing further degradation of 
oxycelluloses is apparently not dependent solely on hydroxyl-ion -con- 
centrations. A comparison of the effects on the nitrocellulose fluidity of 
modified cellulose after treatment with sodium hydroxide and with 
cupramraonium hydi*oxide solutions of approximately the same hydroxyl- 
ion concentration showed that the former had a greater effect on an acid 
hypochlorite oxycellulose, while the latter had a greater effect on other 
types such as dichromate-oxalic acid oxycelluloses. The effects of other 
basic compounds, such as Ti’iton F (dibenzyidimethylammonium hy- 
droxide), Triton B (benzyltrimethylammonium hydroxide), and cupri- 
cthylenediaminc (all of which have been used for fluidity determinations), 
on the fluidity characteristics of modified celluloses have also been in- 
vestigated. The degrading action of Triton F on alkali-sensitive modified 
celluloses appears to bo similar to that of the inorganic alkalies. The 
fluidiiy in tliis solvent, unlike that in ciiprammonium, is said to be a 
measure of the total chemical deterioration of the cellulose; that is, the 
solvent completely ruptures all alkali-labile linkages. 

Although oxyccllulo.se formation is in many eases accompanied by a 
decrease in the strength of the fibrous cellulose, the use of strength meas- 
un'incnts as a mea.surc of extent of oxidation may be misleading. This 
follows from the above discussion of the action of specific oxidizing agents 
in which it was pointed out that reducing oxycelluloses, such as those pro- 
duced by periodic acid, may show little if any loss in strength although 
an apiu’cciablc amount of oxidation has occurred. 

Acidic oxycelluloses, .such as those produced by alkaline hypochlorite 
or by nitrogen dioxide, also vary in properties depending on the oxidizing 
agents and the conditions of oxidation. Nitrogen dioxide oxycelluloses 
which have carboxyl contents of 13% and above (theoretical for com- 
plete oxidation of primary alcoholic groups = 25,5%) are completely 
soluble in dilute aqueous solutions of sodium hydroxide, ammonia, sodium 
carbonate, and pyridine, The soluble salts formed with those bases may 
be precipitated by alcohol or other water-miscible nonsolvents. With 
polyvalent ions such as barium, insoluble salts are formed. The copper 

Rgcvos, R. B., Ind. Eixg. Chem. Itid. Ed., 35, 1218 (1943). 
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numbers of these oxycolluloscs, which prosunmbly Hh(jiild be low, arc in- 
deed very high; a sample wliioh is completely oxidised gives a value which 
is theoretical for anhydrogliicuronio acid oaJeulalcfl on the basis of the 
reducing power of one nldohydc group for each uronie acid residue. Those 
results, as well as those obtained with incompletely oxidized materials, in- 
dicate that the copper number has no significance in respect to the oxyccl- 
luloses of this type, but rather that reducing groups arc formed during 
degradation in the alkaline cojipcr solutions used in the copper number 
method. That the carboxyl groups produced in oxidation of cellulose by 
nitrogen dioxide are of tlio uronie typo is shown by the quantitative evo- 
lution of carbon dioxide when the material is boiled in hych'ochlorie acid. 
Of interest in this connection is the fact Llint the carboxyl groups pro- 
duced by the action of chlorous acid on dialdehydc oxycolluloso are not 
deearboxylated by boiling hydrochloric acid. Tlius, a method for the 
partial allocation of carboxyl groups to their position in the glucose 
residues of oxidized celluloses is available.®® 


3. Effect of IIhat on OrflUiULoara 

The difiicuHics involved in ostablisiiing the course of Iho chemical 
degradation of cellulose by heat arc om])hnflizod liy the lack of specific 
information on the subjoct. Work has largely been limited to discuHsions 
of the properties of colluloses degraded by this moans. A« in the instance 
of other agents whicli produce dogradalion, tlm rate of lircakdown is a 
function of a number of possible variables, rerhaps the groatosL single 
factor infiuonoing the extent of damage iiiulcr a given sot of condilions 
is the duration of heating. Thus, prolonged exposure at low lempcralnrcs 
may have a greater effect than cximiro at high Lompcruluri’s for sliorti'i* 
periods of time. The magnitude of the effect may be judged i)y (he loss 
in breaking strength, rise in fluidity, increase in confenl of' reducing 
groups, and increase in solubility in alkali. 

The first noticonblo result of the effect of heat on cellulosic materials 
is the loss of water. Below temperature.s of 140“ C. and a lolal time of 
heating of four hours no great changes niipcar to occur."® Rome recent 
work,®* however, has shown relatively small hut numsurahlc inerea.ses in 
solubility in alkali and copper number at lower temporatui'CH during short 
intervals of heating. 

The degradation is slower in the absence of oxygen, wliich indicates 
that the initial stages of breakdown, at least, include oxirlativo dostruciion. 

®®Iluthorfor(l, IT. A,, Minor, F, W., mul Hai™, M. In pi'opnriilicin foi' piiblicntion. 
Dorec, C,, "The Methods of Collitloao ChoiniRlry,^' 1) Viin Noslrand Co (1033) 
Ilfins, II.. Kumimdo ml ZcllwoUe, 21, 88 (1030) ; Lowin, 11. F., Paper Trade J., 
95, 29 (1032). 
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Continued heating, however, even in the absence of oxygen, leads to de- 
terioration of the cellulose. 

Stamm and Hansen®® have postulated the formation of ether cross 
linkages' to explain the decrease in affinity for water and in the ability 
to swell brought about by heating. While this hypothesis appears to ex- 
plain a number of properties of celluloses after exposure to heat, there is 
no chemical evidence at hand to support the suggestion. 

Other factors which influence the rate of tendering by heat are initial 
moisture content of the cellulose and of the surrounding atmosphere, the 
presence of impurities and tho extent of pre-modification with respect to 
both hydrolysis and oxidation. Most regenerated celluloses, which have a 
low average chain length as compared with native cellulose, show rapid 
loss in strength under the influence of heat. 

In a recent study of effects of drying conditions on the properties of 
textile yarns, it was shown that the "quality index” (defined as the per- 
centage of the original breaking strength retained after drying multiplied 
' by the percentage of the original elongation retained after drying) of 
cellulosie fibers decreases either as the temperature is increased or as the 
moisture content of the surrounding atmosphere is increased. The de- 
terioration as measured by the fluidity method is shown in Figure 11. Both 
the breaking strength and fluidity of the purified cotton and the viscose 
rayon (Figure 12) appear to be functions of the relative humidity at 
which the samples are exposed. The damage is greater at a high humidity. 
In addition to a greater stability toward heat, cellulose acetate does not 
siiow the moisture sensitivity exhibited by the other two ccHulosic ma- 
terials. 

It is apparent in the foregoing pages that the normal reactions of cel- 
lulose, occurring at or near room temperature, are directly related to the 
complex configurations of the cellulose molecule A great deal is known 
about tlic nature and kinetics of these reactions In contrast, at mod- 
erately elevated temperatures, the reactions of cclluiosc are appreciably 
more obscure and much loss experimental data is available for verification 
of tlicorctical considerations. Finally, in the range of temperatures ap- 
proaching that of a flaming fabric, the theoi*6tical aspects of the degrada- 
tion reactions become almost hopelessly complex and any truly funda- 
mental consideration of mechanisms must rely on the simpler chemical 
reactions as discussed in the preceding section. A thorough understanding 
of these relationships will enable at least a partial extrapolation into the 
range of temperatures dealt with in the pyrolysis and combustion experi- 
ments which follow. 

Stamm, A, J,, and Hansen, L, A,, Ind. Eng. Ckem., 29, 831 (1937). 


DEGRADATION OP CELLULOSE 






■Miilii 


220 240 Z60 260 300 ZZO Z40 260 260 300 

TEMPe/iATlff9e^ ^dSKSES/^ 

Figin-o 11, Effect of hent on tJie iliiidily of ynrns jfl, low (O). modiiun (^), and 
liigh C#) Juimiditics: ® represents iuilinl fluidity. OVtegennk^°) 



Viscose /^AYON 


SO 60 70 eo 90 too 40 so €0 70 60 90 fOO 

3R£AKiNo-SrMMirHj tAt PeftcSNT or Original 

Figure 12. Relationship between fluidity nnd breaking strength of yarns which Imvc 
been dried at low (0)j inodium and high (0) humidities; 0 rcpicscnts 

initial relationship. iWiegemik^) 


Wiegorink, J. G.j J. Resaatch Nall. Bur. Standards, 25, 436 flOfO). 








C. PYROLYSIS REACTIONS 


41 


C. PYROLYSIS REACTIONS 
S. Coppick 

When cellulosio materials are heated at high temperatures in the ab- 
sence of air, a rapid, typically pyrolytic reaction ensues. At least two 
additional phases are added to the system, which finally consists of a 
solid char, a liquid distillate, and a gaseous fraction. As would be expected, 
the rates of formation and ratios of the various product-phases depend 
to a great extent upon the conditions of the experiment and the pre- 
cautions taken to isolate the initial products from the reaction mixture 
as soon as they are formed. Failure in rapid isolation and separation of 
these phases results principally in further cracking of some of the liquids 
to give additional amounts of solid and gases. In researches designed to 
determine the path of the primary breakdown of the cellulose molecule, it 
is therefore advisable to consider quite carefully the conditions under 
which the pyrolysis is performed. 

Although pyrolytic disintegration proceeds quite freely by exclusion 
of the air via an inert gas such as nitrogen or carbon dioxide, it is pref- 
erable to carry out the decomposition at reduced pressure to facilitate the 
distillation of the high molecular weight products. The most readily adapt- 
able and simplest approach is then by means of vacuum distillation in a 
closed system. Adaption of thp principles of molecular distillation also 
nitl in the isolation of the primary products of the reaction, and is readily 
accomiilished by a condensing surface of high capacity as close as possible 
to (he surface of Die jiyrolytic charge. The use of downward chstdlntion 
rallicr tlian the normal, where some refluxing always occurs, is acldi- 
(ionally favorable to removal of primary dissociation products from the 
ensuing reaction. 

Adajition of these ]irinciples to a simple workable apparatus is deraon- 
H(ra(pd in tlic following design shown in Figure 13 Its efficiency is com- 
paratively high, since yields of from 70 to 80% of liquid phases may be 
oblaincd from pure cellulose. This aqueous distillate contains the tarry 
products which are isolated by dr>dng at 106“ C., several hours being suf- 
ficient to attain a constant weight w'hich is not appreciably affected by 
further drying for periods as long as 36 hours. Purified cotton normally 
yields about 50 to 55% of the dried tar. This material is easily removed 
by solution in methanol to facilitate determination of the char yield, the 
wot gas being determined by difference from the original charge in the 
bulb. 

The effect of temperature on the pyrolysis of cotton is likewise fol- 
lowed most conveniently by observance of tar yields. When the initial 
absolute pressure in the system is of the order of magnitude of about 20 


42 


DBORADATION OF CELLULOSE 


raillimetei’s of mercury, and the temperature is increased above the col- 
liilosic decomposition point, the reaction becomes more and more rapid 
until above 400° C. a constant rate is approached. This reaction velocity 
is observed as the rate at which the pressure change occurs in the system. 
The production of tarry products also increases with increasing tempera- 




Figui'o 13. Equipment forpj'rolytic invaslignlions of tho inflnenco of retardants 
on the Ihcimnl dccoinpo^iUon of ooJIulosc. 

T: thrrmoconple; B; bulb from 1 by 8 inch test tube; fl: hontcr; C: cotton; 
G: fiber-glnss; A/; manometer; V: volume of 600 cc. 


ture, the dried yields at various temperatures being: at 300°, 
at 360°, 48%; at 400°, 52%; at 460^ 62%; and at 500°, 50%. Since 
burning fabric has been shown to attain a temperature in the vicinity of 
500° C., and since the pyrolytic degradation appears to proceed at a 
constant rate in this range, it would seem that theao conditions arc ad- 
mirably suitable for studies relating to the initial stages of the flaming 
decomposition reaction. 
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The absolute pressure in the system would be expected to exert several 
directing influences on the pyrolysis, higher pressures inducing further 
cracking of the tarry products as well as favoring their secondary oxida- 
tion. At 500° C. it is observed that as the initial absolute pressure is 
decreased below 600 millimeters of mercuiy, the tar yield is increased 
slowly from 40% until at starting pressures of 20 inillimetcrs the yield 
has increased to 52%, which is not appreciably increased by additional 
reductions of the initial pressure. 

Under these latter conditions, the last independent variable, pyrolysis 
time, is not critical. During the first two minutes of heating an induction 
period is observed which is associated with the thermal conduction of the 
system, as indicated by its dependence upon the initiating temperature. 
For the next two minutes the reaction proceeds very rapidly with the evo- 
lution of tarry and gaseous products, and is essentially complete at the 
end of the fifth minute, the pressure in the system rising only very slowly 
until about the tenth or fifteenth minute wliere it becomes practically 
constant. Hence, the conditions of 500° C,, 20 mm. of mercury and 16 
minutes of pyrolysis time are ideal for comparative studies. 

When a number of the well-known soluble salts which are effective as 
fire retardants are added to cotton, certain well-defined changes are ob- 
served in both the rate and course of the pyrolysis. The induction heating 
period is decreased with increasing addition of the salt, probably by in- 
creased thermal conductance, and the velocity of the gas i)roduction is 
increased appreciably by the addition of small amounts of those saUa. 
However, after the addition of about 10% of the retardants, the rate and 
quantity of gas evolution becomes practically constant at about twice 
its original value, as indicated by the rate and amount of mercury fall 
in the manomctric system, Moreover, it is not, only the effective flame 
retardants that exhibited this effect, for almost identical behavior is 
observed for inert materials such as sodium and potassium chloride which 
have little or no effect on the flaming characteristics of celliilosc. It would 
aiipear that this ability of salts to increase both the rate and quantity of 
the gas phase resulting from the primary disintegration of cellulose is not 
specific for flame-retarding materials, but is a general phenomenon prob- 
ably associated with a secondary independent reaction. 

The other two pyrolysis phases, however, bear a more direct relation- 
ship to the flame-retarding properties of the salts. With the addition to 
cellulose of as little as 5% of a typical retardant such as diammonmm 
phosphate, the tarry distillates are reduced in yield from about 55% to 
approximately 5% of the weight of the original cotton. On the other hand, 
a similar addition of an inert or poorly effective material such as sodium 
chloride only results in the reduction of the tarry products to a yield of 
about 30%. The ability to effect large decreases in the production of these 
tarry primary disintegration products appears to be specific for fire- 
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Figure l‘i. The luflucuco of relnrdanls ou Llio qimnbity of titc 
various phases rosulLiog from Uio pyrolysis of eotlon. 


ticularJy with the sulfainntes, a tiiio picture of the ciTcctivcncss cannot 
be obtained since the retardant itself dceomposes and sublimes rather 
readily, and the tarry distillation products ai*e contaminated with this 
sublimate. The maximum eflicicncies of the various salts in tar-reducing 
capacity occur for the addition of the (irst 6 to 10% of material added 
to cotton, further additions liaving little or no subsequent effect. This is 
a particularly interesting behavior since it is well known that with the 
addition of these magnitudes of the effoofcive retardants to a fabric, flame 
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propagation suddenly ceases and the amount of salt required for this 
protection is rather critical. 

The amount of the third and last phase produced during pyrolysis, 
i.e., the charred residue, likewise serves as a criterion of the flame-retard- 
ing efliciencies of various salts. The effective materials greatly increase the 
quantity of this char for small additions of the retardant. For instance the 
addition of of the borax-boric acid mixture results in a char yield 
increase from the normal 10% to about 40%, while the ineffective potas- 
sium chloride increases the char yield only to 20% by a similar 6% 
addition of the salt. It is to be remembered here that the charred residue 
consiste not only of the products from the cotton, but also of those from 
the retardant. In most cases these may be separated by hot water extrac- 
tion of the residues, to leave a true char from the cellulose. In the case 
cited above, extraction shows that the time char from cotton treated with 
potassium chloride never exceeds a yield of 14% while that from the 
borax-boric acid mixture on cotton rises rapidly to 35% for less than 10% 
addition of the salts and finally becomes appi*oxirantely constant in the 
neighborhood of 40% yield irrespective of the amount of retardant added 
to the cellulose. 

In similar pyrolytic experiments on cotton fabrics it is observed that 
the tar production of tiio untreated material, altliough high, is not quite 
as great as that obtained with tlie absorbent cotton used entirely in the 
above. For the fabric, tar yields rarely exceed 42%, and depend some- 
what upon whotlier the yardage is in the grey, desized, or dyed state 
Those effects jiarnllcl to some extent actual inflammability as measured 
by flame propagation rates in the various fabrics and with absorbent 
cotton. 

Commercially treated fabrics with good flamc-rctarding properties be- 
have very .similarly to the experimentally flamc-proofod absorbent cotton 
The pyrolytic Inrs arc low in yield luul Ubimlly constitute from 6 to 10% 
of the original cellulose content of the material. The relative flame pro- 
tection afforded by these treatments, as determined by practical flame 
tests, is nearly always in accord with their low tar-producing cajiacity. 
However, in a number of cases contamination of the tar renders its ac- 
curate determination difficult or impossible. This is particularly the case 
with treatments of the antimony oxide-chlorinated compound type, where 
sublimation of both constituents along with the tai-s takes place to such 
an extent that an apparent tar value of 27% is obtained for the fabric. 
This is certainly inconsistent with its performance. 

From the above it may be concluded that the primary effect of flame- 
retarding chemicals is to alter the products resulting from the initial 
thermal decomposition of the cellulose molecule. The greatest change 
occurs in the solid and liquid phases, the gas being augmented in quantity 
somewhat both by retardants and nonretardants. However, the magnitude 
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of the changes of tar and char products is directly related to the flame- 
proofing efficiency of the added salt. It has been observed further that the 
tarry products are of a highly inflamniable nature, are readily ignited 
and propagate a flame very rapidly when impregnated on glass-wool or 
asbestos fabric. It would appear then that these arc the products most 
directly responsible for the flaming of cotton fabrics and that the main 
function of a retardant is to limit the production of those materials when 
the fabric is subjected to a flame source. 

The over-all effect of the efficient retardants appears to be the direc- 
tion of the initial disintegration towai’d products in the solid phase rather 
than along the linos of the normal and partial decomposition toward 
liquid phase fragments which vaporize, and on admixture witli the oxygen 
of the air are readily ignited and constitute the flame. The prime cause 
for these effects is not considered here, but is postponed and will appear 
in the section devoted to the theoretacal concepts j^ostulatcd to explain the 
underlying principles involved in retardant action. All that is intended 
here is to delve as deeply as possible into the decomposition reactions in 
an effort to bring to light conclusively the primary effects of retardants 
on cellulose at high temperatures. 

D. COMBUSTION EEACTIONS 
8. Coppich 

The burning of organic materials in general is a very complex process, 
involving a great number of stops wherein the material undergoes suc- 
cessively many stages of disintegration and oxidation, A study of the final 
end products leads to very little information regarding the intermediates 
which pass rapidly toward the lower energy levels and in the limit appear 
as carbon dioxide and water. It is of course well known that the efficiency 
of the process is directly concerned with the rate of oxygen supply and its 
ooncentration at the combustion source, which determine the extent of 
the energy drop in the final stages of the sei'ies of reactions. Thus, nor- 
mally, the combustion of cellulose results in the formation of carbon 
monoxide as well as carbon dioxide and water. Smaller quantities of 
hydrocarbons such as methane somerimes occur but only under veiy ad- 
verse combustion conditions. Hence, investigations of the effect of re- 
tardants on the completed reaction are unprofitable, the products being 
practically identical for both treated and untreated cellulose and crit- 
ically dependent upon the conditions of the oxidation. The only dif- 
ferences appear to be in the rate of the process as measured by the 
velocity at which a flame propagates threughout the mass of the material, 
and the extent to which the transfer from solid to gas phases occurs. This 
is measured very readily as the yield of residue remaining after ignition. 
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When flame propagation rates are reduced to zero by the application of 
an efficient retardant an impasse is reached, since it is here desirable to 
study a reaction which normally does not proceed. The approach must 
then bo directed toward forcing the reaction in order to elucidate its nor- 
mal inhibition. Moreover, during the thermal oxidation of cellulose three 
general reaction phenomena are observed, both the rate and extent of 
which depend not only upon the amount of the retardant added but also 
upon its nature. These are first, the propagation or chain reaction by 
which the incandescent gas meniscus is transported from one point to 
another. This reaction proceeds at velocities dependent upon a number of 
factors which include the state of division of the cellulose, the amount of 
retardant added, and the conditions of the experiment including the direc- 
tion in which the flame travels. During horizontal flame propagation along 
a fabric, a deceleration is observed, while for vertical travel the velocity 
is greatly accelerated. Practically constant rates occur at angular direc- 
tions in the neighborhood of from 30 to 45® to the horizontal. 

As flame velocities are reduced by successive additions of an efficient 
retardant a critical point is usually reached at which the rate becomes 
zero. I-Icro one cntpi*s the range of the forced reaction which is the second 
phase of flamoproofing and involves the rate and extent of thermal de- 
composition of cellulose while in the presence of an instigating flame 
source. On removal of this source, provided the fabric has been efficiently 
treated, no cliain reaction proceeds, although the flaming fabric may aug- 
ment the source while the latter is present. This is the action which is 
finally observed as char length or area in practical fiame tests or as the 
weight loss due to the decomposition. 

The third and last general reaction jihenomenon observed in the thermal 
oxidation of cellulose is the secondary exothermic decomposition of the 
solid products produced by cither of the other two reactions This is the 
flamcless combustion of the char identified as afterglow, and ap])ears to 
be entirely independent of the flaming reaction, since it may be produced 
or eliminated at will by judicious choice of both the quantity and type of 
retardant employed 

To further elucidate the pnmary effects which retardants have on the 
thermal oxidation of cellulose, it is advisable that the reaction be quenched 
during its preliminaiy stages for reasons similar to tho.se stated in the 
previous section. The stipulation that the fragmentary decomposition 
products should be removed rapidly from the heat source appears to be 
even more critical when oxygen is present in the system. The arrangement 
of Figure 15 is adequate and is similar in principle to that previously iisocl 
in vacuum studies, with the exception that the upper end of the tube is 
open to the atmosphere. Cellulosic material is placed m the uppei bulb 
of the tube which is then inserted in the heater. The air drawn into the 
system via the aspirator is preheated on passage between the combustion 
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tube and the internal surface of the heater, nnd proceeding downward 
through tlie cellulose sweeps the fragmentary disintegration jn’oducts to 



Figure 15. Etiuipmont for conlrollcd combustion investiefitions of the infliionco of 
rcicirdnnts on (he thermal dccoinposition of cellulose. 


the large surface of the fiberglass condenser where they arc absorbed. 
The cietennination of the various combustion phases is carried out as be- 
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fore. Cessation of the combustion at various intervals of time is accom- 
plished by removing the tube from the heater and cutting off the air sup- 
ply by inserting an asbestos stopper in the upper end of the combustion 
bulb. 

Preliminary studies on absorbent cotton show that the rate of air flow 
i& a rather critical factor in cletemiining the ratio of the various phases 
formed at 500° C. Velocities such that less than 40 cc. of air per minute 
l)ass through the system are insufficient to give the liquid decomposition 
products the required directional influence to permit their accurate analy- 
sis, and their secondary cracking to solid and gas phases is indicated by 
the increased quantities of these products. Increasing tlie air flow from 
zero to 40 cc. per minute results in a dried tai* yield increase from 9 to 
40% of the original cotton. This yield is not changed by further increas- 
ing the air flow. However, the oxygen input represented by the rate of 
40 cc. of air per minute is insufficient to promote a conveniently meas- 
urable rate for the secondary oxidation of the chamd residue, which still 
retains a yield of about 10% even after 16 minutes of combustion at 
500° C. Under tliose conditions the oxidation rate is gradually increased 
with increasing air input until at about 100 cc. per minute combustion of 
the char is complete in 15 minutes. To insure inclusion of an adequate 
^nfoty factor it is preferable to carry out the oxidation at air input values 
considerably in excess of this minimum, and 180 cc. per minute appears 
to be satisfactory for differentiation purposes in a large numiier of treated 
anrl untreated cottons, The following experiments adopt the«e '•tandarcl 
condition.s For comparative determination of the flaming tondcncie® of 
fabrics it is convenient to U'-e a propagation rate for tho'^e of easy leni- 
tion, while nffcrflaining and char dimensions characterize tho.se wh()‘'e 
propagation rate is reduced to a negligible value. These flame tests are 
clc««cribcd fully m a later eliapter” devoted to testing procedures. 

The influence of retardant* on the products of tlie oolnl)u.^tif)n of ab- 
sorbent cotton i.s very similar to that found for the decomposition in 
vacuo. With addition of tlie well-known and effective salts such as the 
borax-boric acid mixture, the wnter-ga.* fraction is increased, the tarry 
j>i’odiicfs decreased and tiie charred residues increased The clianges in the 
.amounts of the various phases are again most pronounced in the region 
of the addition of up to 5 to 10^ of these salts, which is again in agree- 
ment with their known flame retardation performance. In the case of the 
ineffective salts such as potassium chloride, the gaseous products are 
increa.sed to an extent equal to that observed for very effective materials, 
but the quantities of tar and char products are quite different. 

A typical set of data is shown in Figure 16, wdiere distinction is made 
between the water-soluble and insoluble constituents of both the charred 
residue and the tarry distillate. Flame rctaixiants such as the borax-boric 
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aeid mixture, enlcium clilorido or ammonium molybdate demonstrate tlioir 
ability to reduce the inflammable tars from a normal yield value of 45^ 
to less than of the ori^nal cotton. On the other hand, the inert or 
poorly effective potassium chloride seems unable to effect a tar reduction 



Fjgiu'o 18. TIio infliienco oi retniclnnla on the quantity of the vaiious 
phnfces rcsullmg from Uic coatroUed combustion of cotton. 


to less than 20% yield irrespective of the amount added to the fibers. 
Similar effects i\ve also observed with woven fabrics. 

Some peculiar behavior is observed when either small amounts of the 
water-soluble retardants arc added to cotton fabrics or when effectively 
treated materials are leached with water, until only slight traces of the 
original salts remain in the cell wall. It appears that these small amounts 
actually increase the vclodty with which n flame will propagate along the 
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fabric surface, although the addition of larger quantities reduces this 
rate, which in the limit becomes zei‘o and the fabric is then substantially 
flameproofed. Investigations on the tar production in the range of in- 
creased inflammability show that although the amount of these volatile 
fragments is decreased slightly below the quantities obtained from un- 
treated fabrics, these tars are more easily produced. Thus the effects of 
some retardants arc competitive in nature, ie., a reduction in amount of 
fuel supply as tarry fragments but also an increase in their rate of gen- 
eration at a given temperature. These opposing influences may either in- 
crease or decrease the tendency to propagate the flaming reaction and 
depend upon the concentration of the retardant in the fabric. Fortunately, 
how’^ever, the concentration eocfficionts for the extent and rate of the re- 
actions are entirely different so that after the addition of more than 0.5% 
of these retardants the rate of tar production ceases to be the controlling 
factor and its lower quantity begins to exert a dominating influence 
which appears as a net reduction of the propagation velocity of the flame. 
These effects are shown in Table 2, which indicate the enhanced inflam- 
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raabiJity induced by small amounts of either the phosphate or sulfamatc 
type of retard antSj whether traces of these salts arc added directly or aro 
the residual amounts remaining after the bulk of the retardant in an effec- 
tively flameimoofcd fabric has been removed by leaching. 

The increased addition of the effective sails to fabrics finally results 
in a reduction of the inflammable tarry products below the threshold 
value required for self-sustaining of the flaming reaction and its propaga- 
tion ceases. Further additions reduce the interval between removal of the 
instigating source and the cessation of the flaming reaction, until this in 
turn reaches a zero limiting value. Still further addition of the retardant 
with its subsequent tar-reducing tendency promotes the reduction of fabric 
flaming even in the presence of the instigating source, which aiipcar.? as 
the lessening of quantity or area of fabric destroyed by a flame of stand- 
ard aspect and duration, i.c,, a reduced char dimension. This very close 
correlation between the flaming performance of fabrics and their tar 
production capacity is apparent from Tabic 3, which incliule.s data on the 
jihosphate, sulfamatc and borate types of retardants. It is seen that the 


Tftblo 3. Correlation Botwcon tlio Tarry Products from Controlled CoinbusLion nncl 
the Dunilng CliarnclerlsUcs of Fabrics 
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borax-boric acid mixture does not exhibit the behavior previously shown 
for the other two retardant types. The addition of 0.2^ of this mixture 
gives no enhanced flame-spreading velocity such as demonstrated by the 
sulfamato-phosphate retardant mixture and by ammonium phosphate 
alone. 
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Figure 17. TIip pffpct of the phosphate and bomte typos of rctnidants on the mte of 
production of >’oliililo celliilosic fnigmcnls during the contioliod combustion of 
cotton fabrics, (The per cent values aio those added to desizcd twill,) 


The reason for tliis anomalous behavior becomes apparent from 
kinetic studies on the degradation reaction. Interruption of the combus- 
tion at successive time intervals of one minute over the whole of the 15- 
ininiite oxidation ]ienod and measurement of tar production leads to the 
determination of the rate of the process. It should be remembered, how- 
ever, that the experiment is not conducted entirely isothermally since an 
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induction period is noceasitatcd wherein i;ho fabric is raised over a large 
temperature gradient from room conditions to approximately 500° C. 
With an untreated fabric, tar production does nob begin until after the 
first minute of exposure and proceeds at increasing velocity over the next 
minute with increasing charring of tho fabric. During the third minute tar 
is evolved at its maximum velocity which appears to be constant for the 
material and independent of the initialing temperature. Tlic slower earlier 
rate apjiarently is duo to non-uniform attainment of the decomposition 
temperaturej and less rapid decompositions at intermediate temperatures. 
As the reaction approaches completion toward the fourth minute the rate 
of tar production decreases and at the end of the fourth minute tho amount 
of tar reaches a constant value, which is not affected by further increas- 
ing the combustion duration up to 16 minutes. 

The effect of both tho phosphate and borate mixture is quite similar 
as far as their influence on the quantities of the product arc concerned, 
although the borate appears to have a greater cfTicicncy in tar reduction. 
However, tlicir effect on the temperature coeflicient and rate of the re- 
action aiipcars to be entirely different, as demonstrated in Figure 17. 
With the phosphate retardant, the time interval over which tar is pro- 
duced is reduced from three- to a onc-minuto period for succossivc addi- 
tions up to 8fo of tho retardant and the reaction is then complete at the 
end of the second minute. In the case of the borate retardant, on tlie 
other hand, no change in the heating period required for completion of the 
tar generation reaction is observed, an interval of 4 minutes being re- 
quired iiTOspoctivo of tlie amount of these salts added to tlic fabric. Sim- 
ilar rate differences are found for the decomposition of the solid phase, 
and it appears that the borate mixture has the advantage of not con- 
taining the two compotitivo factors of rale and extent of reaction, winch 
render the phosphate a flame promoter in the low addition range. Rale 
changes for tar procIuoUon, similar lo those depicted in Figure 17 for the 
phosphate, have been observed for the commercial siiIfamaLc-jihosiilmtc 
mixture, sulfnraatc alone, and pormancntly pliosphatcd fabrics as well 
as for tho 7:3:5 mixture of borax, boric acid and ammonium pliosphntc, 
and appear to be associated with the strong acid type of retardant. Com- 
parative charring of the fabric during the early stages of the combustion 
is seen in tlic photographs of Figure 18. These effects indicate that the two 
types of retardant function via somewhat different mechanisms. 

E. THERMAL DECOMPOSITION PRODUCTS 
r ■ S. Coppich 

. 1. Gas Phase Products 

In the preyious sections devoted to the reactions ensuing during tho 
pyrolysis and oontrolled combustion of cellulose and its retardant com- 







PJgure 23. ChniTcd residues at I'lninutc intervals during llio controlled ooiiihuHlioii 

of fabrics. 

I. Untreated 

2 079^ Ammonium dihydrogen phosplmto 

3. 1 . 1 % Ammonium dihydrogen pliosphato 

4. 85% Ammonium dihydrogen phosphate 

5 . 0 2% BoraxiBoric acid::7:S 

0. 1.3% BoraxiBoric acid. ;7;S 

7. 1.6% BoraxiBoric acid: :7;3 

8. 2 0% BoiaxiBoi'ic acid :7 3 

9. 3 5% Borax Boric acid: 7:3 

10. 6 5% BoiaxiBoiio acid:;? 3 

II. 82% BoiaxiBone acid Ammonium dihydrogen phosptmte; :7:3;6 

12. 8 5% Commercial siilfamate-phosphato mixture 

13. 16%) Commercial urea-phosphate t 3 ’pe treatment 
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binations, it is seen that although the products in the gaseous phase are 
augmented both in amount and production rate, their values do not ap- 
pear to be critically related to the flaming mechanism and its deceleration. 
Both retardants and non-retardants show very similar effects in enhancing 
the quantity of vapors and the velocity of their generation, but there still 
remains the possibility that the -vapor composition might be variable. 

It is to be remembered that in the previously described experiments the 
gas phase has always included the water produced in the deedmposition. 
However, the determination of the dry gas phase is easily carried out by 
measurement of weight losses involved in experiments conducted via 


Table 4. The Effect of Retardants on Lho Amount of Dry Gas Produced During the 

Pyrolysis of Fabrics 

Treated w’itli the Sulfamate-Phosphatc Retardant System 


Ilotardant 

Add-On 

Presstiro Incronso 

Quantity of Gns 

% 

mm. ol Mercury 

% by Wt. 

mgs/om’ of fabrio 

Ammonium 

0 

87 

1.8 

0.46 

Dihycirogon 

0.5 

214 

6.0 

1 62 

Pliosplmto 

1.3 

260 

0 I 

1.56 


3.1 

268 

6,4 

1 03 


6,0 

308 

176 

4 46 


17.2 

268 

14.6 

3.10 

Ammonium 

0 

87 

1.8 

0.40 

Sulfamato 

36 

234 

60 

1.56 


4.1 

376 

n.o 

2 80 


8 1 

374 

126 

2.88 


127 

510 

15.8 

4 40 


26.1 

464 

13.1 

3,88 

C’ommorrial 

0 

87 

1 8 

0 46 

Sulfainato- 

2.1 

263 

60 

1,64 

Plujspliato 

8.1 

332 

87 

2 29 

MixLuro 

5.1 

380 

80 

2,64 


O.G 

386 

99 

2 54 

modification 

of the equipment of Figure 

13. Replacement 

of the glass 


wool in tlic sorption section of the condenser bv a dehydrating agent en- 
sures collection of both tarry and aqueous distillates. Tlic rate of the 
process is observed as usual by the rate of jiressurc increase in the system, 
and the extent of the reaction by the total pressure increase when equilib- 
rium is attained. The results for various retardant types added to cotton 
fabrics are given in Table 4, wherein the quantities of dried^ gas show 
effects with increasing retardant addition similar to those previously dis- 
cussed for the saturated gas phase. The rate at which this phase is pro- 
duced is increased substantially by relatively small additions of effective 
flame deceleranta of the borate, phosphate and sulfamate type. In the 
neighborhood of about 6 to 10% addition of these salts the quantity and 
production rate become practically constant and even appear to pass 
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obtained by variations in a ^ nhosphnlo. Invcstignlion ut tlm 
rents, borax, boric “'I (jeat^ -with various amounts of cuicli 

dry gas from the pyrolyaia onto „, 
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43.7 
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5.6 
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pressure Increase 
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a general phenomenon and bears little if any relation Co the Jlnining oliar- 
acteristics of the fabric since the ineffective boric acid produces offectH 
almost identical with those given by equal additions of ciLlior (.lic fairly 
effective borax, the good three-component or the excellent two-coinponont 
retardant system. The vertical afterdaining values characterise the rela- 
tive burning properties of the various treated fabrics. 
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For more complete characterization of the gaseous phase produced dur- 
ing tliG pyrolysis of treated and untreated fabrics, the vapors must be 
isolated and subjected to the standard analytical procedures. A con- 
venient and satisfactory system is shown in Figure 19, where the pyrolysis 
is carried out in a small bulb (shown inside the heater) over an adjust- 
able mercury column in the pipette, After completion of the reaction 
tlic heater is removed and the specimen bulb cooled. The scaled capillary 
jioint, p„ is then connected to the analytical system at via rubber tub- 
ing, and by breaking the capillary the gases may be transferred to Bg, 



M: inaiioitH'ltic svslom; T„ 7\ trnpv; ]{' hojitcr; ^ thormocouplo, i\: Fonled 
ci>i)illuiy c)!i Inline l)ull>; H„ L, ga.s collochng /ij, //,• giia nioiiauung sy'lom, 

I\'. eijiiiii'eljon to iimilylu-n! !>y-»lcm; Si, Sj, *S, gns ‘•cnibbeis, /U, gas ab.'-oibora; 
Di-. iiHcaiitc trail, Ih, P 3 water tiapj>, Ii„ Oiaat buictlc byfatoin 

wiicrc they arc retained over mercury. The soluble constituents are de- 
tenuinc<l l)y wnslung the gnscs in the three scrubbing sections, 5,, 
and *' 3 . On transfer to the burette, where the .saturated gas is inam- 
laincd ovei’ water, its constitution is determined by selective absorption 
in the standard Orsat bulbs at Ag and A,. Tiie Asenrite trap, D„ and 
water traps, and protect the absorption liquids in Ag and A^ 
from the outside atmosphere. 

In tlie case of the controlled combustion of fabrics the products are 
identified by use of a modification of the equipment shown in Figure 15. 
The inclusion of U-tubes containing “Drierite" and “Ascarite” in series 
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with the tar absorber facilitates the determination of the aqueous and 
COg constituents. 

Investigation of Uie total pyrolytic gas phase resulting from the de- 
composition of fabrio treated with fcho commercial phosphate and sulfa- 
mate mixture indicates as usual an increase in the amounts procUiced with 
increasing addition of the retardant. This increase is not at all linear 
with the add-on but assumes a maximum in the vicinity of a 10% acldi- 
tionf Similar effects ai’c observed for each of tlic constituents alone ap- 
plied to fabrics. Moreover, it is observed that the augmentation is not duo 
entirely to vapors arising from the decomposition of the retardant, since 
on scrubbing the gases from fabrics the same maxima occur, while if the 
retardants are added to glass fiber tlie resulting vapors are all dissolved 
in blie scrubbing process. The olTccts appear to bo associated with the 
actual course of the decomposition of the cellulose itself, the retardant 
exerting more of a directing rather than a contributing effect to this phase. 

The sulfamate-pliosphate system does not lend itself very well to 
studies of this kind due to the complexity of the sulfur components 
evolved during the decomposition. A much simpler system from an analyt- 
ical point of view is found in the borate mixtures on wliich a very de- 
tailed investigation is shown by the data of Table 6, where the compo- 
nents and mixtures of tho retardant system are compared with sodium 
chloride. 

It appears that the pyrolytic gases show the same type of behavior 
previously demonstrated in the sulfamate-phosphato system, tlic rctni-danl 
increasing the total quantity of this phase to about twice its normal value. 
These gases contain about 35% of readily soluble constituents which are 
very probably the lower molecular weight aldehydes and acids, 35% CO, 
15% liydrocarbons and about 16% COg, the latter being the only non- 
flammable constituent. With the addition of tlio retardants of various 
flamc-rctai'ding efficiencies, the distribution of the quantities of the inflam- 
mable constituents varies somewhat, but the non-flainmablc COg con- 
stituent remains approximately constant. There appears to be no radical 
difference in the over-all composition as one proceeds from the ineffective 
sodium chloride and boric acid through the fairly effective borax to the 
very efficient 7:3 mixture. The general indication is that the gas phase 
maintains nj)proximntcIy constant flammability composition but increases 
in amount on the addition of any salt to the fabric. 

Similar effects are obacived in the data accumulated in combustion 
studies. Hero, due to presence of air during tho thermal decomposition, 
some of the flammable gases produced in the primary dissociation arc fur- 
ther oxidized to COg, thus this component increases with increased gas 
production. However, the amount arising from fabric treated with NaCl 
is about tho same as that from fabric treated with the effective retardants. 
The same appears to be true of the aqueous constituent which increases 
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Table 0. The Effect of Various Materials on the Composition of tlio Gases Evolved 
During the Pyrolyaia of Cotton Fabrics 


Retardant 

Add-On 

% 

Total OftS 
oo/om* of fabrio 

^ Qm Compononto 

DiO Solubioo 
ftldebydos, aoids, 

eto. CO 

i% by volume) 
Hydro- Total 

carbons, Inflam- 
oto. mablea 

COf 

Sodium 

0 

1.04 

43.2 

32.6 

14.2 

89.9 

10.1 

Chlorido 

3.1 

3.67 

36.8 

30.8 

18,0 

86,2 

14.8 


7.0 

3.77 

36.2 

31.8 

18.5 

86.5 

13,6 


13.6 

1.06 

36.3 

32.5 

18,1 

85.0 

14.1 


26.4 

3.22 

35.0 

32.3 

20.6 

88.7 

113 


33.7 

2.46 

38.7 

26.0 

21.4 

86.1 

14.9 

Boric Acid 

■ 0 

1.04 

48.2 

32.6 

14.2 

89.9 

10.1 


3.6 

1.60 

34.6 

41,0 

14.6 

90,1 

9.9 


'7.7 

1.76 

30.8 

44.3 

15.2 

90.3 

9.7 


10.6 

1.81 

31.4 

46.0 

13.0 

90.4 

9.6 


13.0 

1.92 

27.1 

48.3 

15.8 

91.2 

8.8 

Borax 

0 

1.04 

43.2 

32 6 

14 2 

89.9 

10.1 


2.8 

2.41 

29.0 

36 4 

15 6 

81.0 

19 0 


5.4 

2,17 

34.6 

33 7 

16,3 

84,6 

15.4 


13.0 

2.25 

34.6 

36,2 

13 1 

83.9 

16.1 


20.3 

2.10 

36 2 

37 0 

124 

85 6 

14,4 


29.0 

2.16 

40 0 

27.0 

18.0 

85 0 

1.5.0 


34.5 

2.29 

34.9 

29 8 

19 5 

84 2 

15,8 

Borax: 

0 

1,04 

43 2 

32 5 

14.2 

89 9 

10,1 

Boric Acid 

2.6 

2.03 

30 6 

33 5 

169 

89 9 

10 1 

7:3 

4.6 

2.60 

37.9 

33.9 

18 0 

89.8 

102 


8.4 

2.30 

386 

37 9 

127 

89 2 

10.8 


16.5 

2.45 

30 2 

33 8 

16 4 

89 4 

10 0 


30.1 

2.54 

36.9 

30.4 

13 9 

87 2 

128 


43 7 

2.35 

42 3 

33 5 

12 1 

87 9 

12.1 


somewhat with addition of the salts, but is apparently the same for all, 
irro8i)ectivc of their flameproofing action On this basis, there ajipears to 
be little if any justification for further consideration of the gas phase as 
being directly related to retardant action. However, the other volatile 
but readily eondeiisablc products, accumulated as tar.'J, appear to be more 
closely related to non-flaming tendencies and are considered in detail in 
the following section. 


2. Liquid Phase Products 

The aqueous distillate obtained from the pyrolysis or controlled com- 
bustion investigations contains the tarry primary dissociation products 
which appear to bo critically related to the flaming characteristic of fab- 
rics. In the borate retardant system, the agreement between the flame test 
data and the dry tar is particularly good. This system lends itself very 
readily to studies of this kind since the retardant does not contaminate 
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the distillates, which mfty be determined with considerable accuracy. The 
precision with which this phase follows the inflammability of treated cot- 
ton fabrics is demonstmted. in Figure 20, wlicre large reduction in its 
amount is observed for mixtures of borax and boric acid when the com- 
ponents are in the ratio of 1:1 or 7:3. However, when tlic boric acid pro- 
clominatca in the system, as in the 3:7 mixture, the tar reduction is not 
quite ns great, which corresponds to the poorer flame-retarding qualities 
of this blend. Moreover, the individual components alone on the fabric 


Figure 20. The reduction 
in the nmouiU of volalilo 
follulosic fi'nginniLs n.s influ- 
encGcl by mixturoa of i)C)rrtx 
and boric acid in c!ompaii>rm 
H'lth that produced by so* 
diuin cliloridc 
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follow the order of their fair to poor cflicicncios compared with llio inert 
and ineffective sodium elilorido. TIic relation between the Lars and biii’n- 
ing characteristics is suininarizcd in Figure 21 for thi.s system, wherein 
it seems tliat the production of these fragments must be reduced below 
2 milligrams per square centimeter of fabric before flaming ceases in 
the vortical strip test iinmeclintcly on removal of tlie flame source This 
value appears to bo rather critical, and increasing the tar yield from 2 
to 4 milligrams iW centimeter of fabric results in considerable flaming 
after the instigating source has been removed, although propagation of 
the flame inny not proceed longer than 10 or 20 seconds. I-Iowcver, with 
the fuel supply greater than 4 milligrams, continuous burning proceeds 
until the fabric is completely consumed. 

The total condensable distillates resulting from the combustion experi- 
ments contain considerable water. The aqueous portion is increased with 
the addition of salts to the fabric, while the tarry products are decreased 
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greatly for the addition of the effective retardants. The net result, as 
shown in Table 7, is not only a reduction in the amount of the tarry fuel 
supply but'also a lowering of its effective concentration by dilution with 
water. 

Although the supply, rate and concentration of these volatile fragments 
are altered radically by the effective retardants, their actual composition 
does not appear to be changed to any great extent. The tarry constituents 
contain hydroxyl, methylene, methyl, carbonyl, ethylene and ester group- 
ings as determined by their infrared absorption spectra, which is in har- 
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inony with theoretical considerations regarding the prol)able course of the 
disintegration of the ccilulose molecule. Moreover, tlic al)sor|)tion curve:! 
of the tars from treated and untreated cotton show the same general ab- 
sorption maxima and with nearly equal intensities 

The analytical data suggest degradation nuclei of the jientose or fur- 
fural type, with composition not varying very widely with the amount of 
retardant or its type. As shown in Table 8, the carbon and hydrogen con- 
tent of the various tars show no distinct variation with the effectiveness 
of the retardant, and although the products are highly reducing in nature 
their carbonyl content is not greatly changed by retardant additions. 

Measurement of the relative inflammabilities of the tars from treated 
and untreated cotton indicates no great differences in the rates of flaming 
with different retardants. The conditions of burning fabric are readily 
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Table 7. The Variation of Uw Quantitioa of Liquid Plinscs Produoccl During tho Con- 
trolled Combustion of Cotton Fabrics in tlio Prcsoucc of Various Materials 






Aqiieoiis 

Tnr in 

Vortiofti 



Add'On 

Dry Tnr 

FfAolIoii 

Dialillnlo 

Afttirnnmiiig 

1 i 

Ilotardant 

% 

mgB/om* 

toga/otn* 

% 

soo. 

' 1 

Sodium 

0 

12.20 

0.24 

6C.9 

23 

1 I 

1 

Chloriclo 

3.1 

7.06 

14.31 

33.0 

20 



7.0 

7.80 

10.26 

43.2 

26 



13.5 

0.60 

18.88 

31.0 

23 

i 


26.4 

0,43 

14.87 

30,9 

23 



38.7 

7.48 

14.02 

34.8 

28 

' ! 

Boric Acid 

0 

12.20 

0.24 

60.0 

23 

! ; 


3.5 

7,80 

16.00 

33.1 

28 



7.7 

0.63 

16. C6 

20.4 

20 



10.6 

4.62 

16,03 

23.1 

28 

, ; 


12.9 

4.00 

14.15 

22.0 

28 


Borax 

0 

12.20 

0.24 

50.9 

23 



2.8 

4.66 

4.76 

27.0 

16 



5.4 

2.02 

14.26 

16.5 

3 



12.9 

3.0S 

16.00 

16.2 

3 



20,8 

2.88 

16.28 

16.8 

3 



20.0 

2.08 

14.65 

12.4 

3 

t 


34.6 

2.76 

16.80 

14,8 

0 

1 

Borax: 

0 

12.20 

0.24 

60 0 

23 

|r 1 

Borio Acid 

2.6 

3.18 

12.67 

20.2 

18 


7:3 

4.6 

1.97 

13.20 

12.9 

0 



8.4 

1.28 

13.00 

8,4 

0 

1 


10.4 

0.85 

12.48 

6.4 

0 

' 1 


30.1 

0.83 

14.40 

6.4 

0 



43.7 

0.65 

10.10 

6.2 

0 


Table 8. Tho Properties of tho Tarry Distillation Products Isolated During tlioCon- 
trollocl Combustion of Absorbent Cotton 


notnrdAnt 

Add-On 

% 

C % 

n % 

Uodiiolnff’Povror 

eShO 

gma/em Ur 

Fraction of Tnr 
in % 

Water Acctoiiu 

DiHRoIvrd 

iHoiiroiKUiol 

Sodium 

0 

48.43 

0.67 

0.47 

__ 

_ 

__ 

Chloride 

1.1 

61.60 

0.86 

0.43 


__ 

_ 


2.7 

64.00 

6.33 

0.36 

— 






7.0 

68.61 

6.47 

0.40 





_ 


16.2 

63.43 

6.63 

0.38 

— 

— 

— 

Doric Acid 

0 

48.43 

6.67 

0.47 

13.0 

46.6 

30.8 


2.6 

48.88 

6 67 

0.60 

22,0 

50.7 

6.7 


3.6 

40.17 

6.18 

0.60 

16.1 

46 7 

23.8 


5.3 

46.26 

5.06 

0.65 

24,7 

<10.0 

)6.7 


7.3 

42.10 

0.37 

0.49 

40 2 

43,0 

20 1 


12.3 

36.30 

8.57 

0.41 

17.8 

30.9 

30 6 


21.6 

26.60 

7.88 

0.42 

23 2 

20.0 

34.6 

Diammonium 

0 

48.43 

6.67 

0.47 





Phosphato 

2,3 

51.01 

5.68 

0,63 








6.2 

53.4$ 

6.09 

0,46 



_ 



10.0 

60.11 

6.44 

0.34 

— 

— 

— 


Borax: 0 48AZ 6.67 0.47 13.6 46,6 36.8 

BoncAoicI 1.6 46.60 6.61 0.61 21.2 42.1 33.1 

7 : 3 3,2 47.88 6.20 0,56 14.2 41,0 44.7 

6.1 40.86 6.98 0.50 17.8 37,8 26,6 

14.3 60.14 6.93 — _ _ _ 
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simulated by application of the tar in methanol to asbestos fabric, drying 
and then determining burning rates of strips of the material inclined at 
46'’ to the horizontal. Results of this nature are given in Table 9, where it 


Table 9. Tho Inflammability. CharaoterisUcs of Tara Isolated During tho Controlled 
Combustion of Various Celluloses 


Souroo of Tnr 

Add-On of Tnr 
ings/om* of Aabostoa 

Burning Rato 
omB/aeo. 

Absorbent Cotton 

32.4 

0.081 


29.8 

0.088 


27.4 

0,096 


25.6 

0.106 

Absorbent Cotton -f- 

201 

0.082 

9% BoroxiBoric Acid 

26.6 

0.082 

(7:3) 

22.4 

0.081 


22.1 

0.101 

Absorbent Cotton -f- 

32.1 

0.110 

10% Boric Acid 

22.3 

0.106 


21.6 

0.103 


19.1 

0 125 

Absorbent Cotton -f- 

25.2 

0 075 

10% Diammonium 

21.6 

0 076 

Phosphate 

20.9 

0.083 


appears that the flame rates vary somewhat in the range of 0,08 to 0,12 
ceiUinictcrs i)or second irrespective of their concentration from 20 to 30 
milligrams per sciuare centimeter of fabric, and although the propagation 
is somewhat lower for the effective borate and phospliate products, the 
diffei’cncc is not sulTiciont to be a major factor in flamejiroofing effects. It 
is to be noted here that the tar concentrations are somewhat in excess of 
tliose normally generated at a burning fabric surface where it is usually 
about 10 to 15 milligrams per square centimeter of fabric. 

The tarry jirodiicfs arc only slightly volatile except at elevated tempera- 
tures, where they change their characteristics rapidly either by cracking 
or iiolyinerization irrocesscs. They exhibit high solubility in methanol, 
lesser .solubility in water, higher alcohols and ketones and low solubility in 
hydrocarbon solvents On tho basis of their fractional solubility m sol- 
vents of various polarities they may be separated into less homogeneous 
mixtures, but these fractions arc similar in chemical behavior Retardants 
appear to inniicncc burning by limiting the quantity rather than signifi- 
cantly affecting the quality factors of this phase. 


3. Solid Phase Products 

The solid decomposition products resulting from the pyrolysis or con- 
trolled combustion of fireproofed fabrics consist of a carbonaceous residue 
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derived from the cellulose itself as well as the thermal remnants from the 
added retardant. The rate of fabric decomposition and the resultant char 
production may be followed in nn approximate manner by a study of the 
total residue obtained at various time intervals via use of the equipment 
previously described in Figure 15. During the early stages of the controlled 

mL ! Desixea I 
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O.Z^PoRAK'SoifKAciD 7-y 
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7.6fftBoFAX'8officAcio 7'- 3 


ZO «j«BoHA)i~Bon/cAcio 7-‘J 


3.S'^doMAX-Bo/ttcAcw 7' 3 




6.S ^Sc/tAX'SofticAQio 7*y 


/esi, 


^S.S^a6oftAx-Bo^/cAc/o 7-j\ 


0 I Z 3 4 S 6 7 e 9 fO f! /Z /3 74 0 t Z 3 4 S 6 7 6 9 /O // /Z 73 /4 73 
7/Af£- 7N A/t7A7(Jre3 

Fjgiii'C 22. The ofTcct of the phosphalc and borate typos of retardants on the rate 
of fabric disintogrntion during controlled corabusUou. (The per cent values arc those 
added to dcsizccl twill.) 


combustion, the fabric enters a short period of temperature elevation ac- 
companied by only slight weight losses as shown in Figure 22. The dura- 
tion of this induction period depends to a great extent upon the type of 
retardant as lias been pointed out in an earlier section. liowovcr, once the 
fabric has reached a temperature above 300® C., rapid deterioration pro- 
ceeds with the evolution of tarry materials and a consequent rapid drop 
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in tlio yield of solid products. As seen in Figure 22, the second stage is 
again dependent upon the type of the retardant, the phosphate completing 
the rapid disintegration in less time than the borate type. On completion of 
the tar evolution a true char exists, whose further decomposition proceeds 
slowly via the oxidation of its carbon content to leave finally an ash of the 
added retardant. The over-sail velocity of the latter oxidation reaction is 
quite uniform and independent of the amount or typo of retardant as indi- 
cated by the similarity of slope in the linear sections of the curves of 
Figure 22. 

This equality of char oxidation velocities is surprising since the two re- 
tardant types exhibit entirely different behavior in practical burning 
tests. The borate-treated fabrics show very prono.unced tendencies to con- 
tinue glowing after flame propagation has ceased, while the phosphate- 
treated ones suffer no flameless combustion. It would appear then that at 
least under these conditions the glowing of chars is not related directly to 
their over-all oxidation rates. However, the nature of this oxidation and 
the aspect of the charred residues is entirely different. The non-glowing 
materials shrink in dimensions with total retention of the original fabric 
structure, oxidation proceeding uniformly throughout the mass of the 
char. On the other hand, the glowing type of material as exemplified by 
the borate-treated fabric is oxidized vcr>'' non-uniformly with partial to 
complete ashing of various locations in the char and non-rcteiition of the 
original woven structure The latter chars arc coarse and brittle carbon 
masses which powder vcr\'’ readily while those from pliosphato-trcated 
fabrics arc fine textured and relatively strong carbonized fibrous materials. 
The entirely different aspects of the chars from the various tyjics of re- 
tardants arc jnctiircd in Figure 23. {See facmg page 55.) 

The various resistances to the glowing phenomenon are the most im- 
portant property of the solid phase decomposition products of cclhilo'^e, 
and for a complete study a direct isolation of this reaction is required. 
The .separation of the flaming from the glowing reaction is easily accom- 
plished by first carrying out the disintcgi*ation in the absence of air. Tlic 
system in Figure 24 is convenient, where either nitrogen or carbon dioxide 
enters a preheating section of the furnace at a required rate and jiasscs 
over the fabric in the decomposition section The fabric is maintained on 
the junction of a thermocouple which is inserted in a replaceable inner 
tube, the lower section of which collects the tarry products After com- 
pletion of the disintegration the fabric residue is raised to the upper sec- 
tion of the equipment, where it is cooled in an atmosphere of cold COg 
from “dry-icc.” 

The fabric used in these experiments is an 8 X 5 cm. specimen rolled in 
the form of a cylinder. After tlie disintegration in the absence of air, its 
oxidizing properties may be studied by replacing the COg with an air 
atmosphere or the char may be removed entirely from the furnace and 
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Figure 24. Equipment for the 
thermnl decomposition of fab- 
rics in controlled atmospheres. 

A: gas inlet; B; preheating 
section at tomporntiiro i,; T: 
combustion tube; F; fabric at 
temperature C : gas exit; D: 
cooling gas inlet. 


olmractorisUea of the oharrod 
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subjected to a practical isolated glow test similar to that used in the 
regular Vertical flame testing procedures. The unrolled char is suspended 
between paper clamps over a microburner as shown in Figure 26. The 
flame is 1 % inches in height and is just non-luminous. Its duration is 12 
seconds, and the persistence of the flameless combustion is timed from 
the removal of the flame source until cessation of glowing. The extent of 
oxidation in this test is measured by the weight loss suffered duo to con- 


Table 10. Effect of Small Amounts of Retardante on tho Extent and Duration of tho 
Isolated Glowing Reaction of the Chars from Cotton Fabrics 


Retardant 

Add-On 

% 

No. of 
LenobingB 

Initial 

Fabno 

Wt. 

Lo&a During 
Pyrolyeia 
B)gs/om* of fabrio 

Losa Via 
Glow 

Glowing 

'i'iino 

Ma. 

Ammonium 

0 

0 

26.90 

21.40 ■ 

5.08 

73 

Dihydrogen 

0,05 

0 

24.30 

18.40 

2.40 

78 

Phosphate 

0.1 

0 

24.50 

19.68 

2.74 

70 


0.26 

0 

24.82 

18.30 

3,46 

94 


0.6 

0 

24.66 

10.99 

0.77 

9 


1.0 

0 

24.0S 

16.71 

0.33 

0 


16,0 

0 

33.30 

17.20 

0.07 

0 


16.0 

I 

27 62 

17.81 

0.44 

0 


15.0 

2 

28.31 

20.05 

O.G5 

27 


16.0 

3 

28.73 

20.21 

0 82 

45 


16.0 

4 

28.10 

23 26 

4.14 

210 


15,0 

5 

28 27 

23 67 

3.64 

195 

Commercial 

0 

0 

26.00 

21 40 

5.08 

73 

Sulfanmte: 

0,05 

0 

25 77 

20 M 

3 47 

90 

Phosphate 

0,1 

0 

25 08 

20 61 

4 02 

120 

Mixture 

0.5 

0 

22 77 

16.57 

3 01 

78 


1.0 

0 

24.87 

16 94 

0,78 

20 


16 0 

0 

32 11 

17.51 

0.03 

0 


15.0 

1 

28 67 

19.14 

1 12 

0 


15.0 

2 

28 88 

23.39 

2.29 

145 


15,0 

3 

27.38 

22.54 

3.81 

240 


16 0 

4 

2861 

23 45 

4.59 

215 


15,0 

5 

28.07 

22.75 

4 09 

185 


tact with the flame source and the subsequent oxidation by the glowing 
reaction. 

Preparation of ciiars from various fabrics at a nitrogen velocity of 400 
cc. per minute and a temperature of 350“ C. leads to Llic results of Tal)lc 
10, wherein the effects of the phosphate and sulfamate mixture types of 
retardant are shown in comparison with the untreated fabric. It apjmars 
that very decided resistance to glow is imparted to cotton by the addition 
of small amounts of these materials, the phosphate being the most cflicicnt. 
In the case of the phosphate, complete resistance to flameless combustion 
is obtained upon the addition of from 0.6 to 1.0% to the fabric, while 
continued addition seems to affect only the amount of oxidation ensuing 
in the presence of the flame source as indicated by the lower loss during 
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the glow tefst. The ease with which the inhibiting materials arc removed 
on static leaching for 16 minutes in water is also (lemonstralcd, both re- 
tardants being reduced pi’csumably below the minimum requirement by 
more than one mild water leaching process. 

Similar expenmemts on a number of retardants and retardant mixtures 
are reported in Table 11. Here it appears that an inert and incfTcctivc 


Tablo 11. EfTcot of Largo Amounts of IlotardonU on the Extent imd Dumlion of Uio 
Isolated Glowing UeaoUon of tho Clmra from Colton Pabrics 



Add-On 

% 

IniUnl 

noBH During 

I.OHH Via 

Glowing 

'I'iino 

1)00, 

IletArclaat 

Fftbrlo Wl,. 

I’yrolysiH 

mga/om* ol fwbno 

Glow 

None 

0 

20,00 

21.40 

5.08 

73 

Sodium 

10 

27.36 

18.34 

2.36 

02 

Clilofido 

20 

30.06 

18.61 

2 04 

75 

Ammonnim 

10 

27.02 

IS.07 

10.65 

300 

Sulfamato 

20 

20.52 

10 70 

0.80 

300 


10 

27,42 

10.47 

7.51 

180 

Borax 

30 

30.71 

10 90 

7.00 

180 


40 

34.12 

17.00 

0 30 

240 

Boric: Aoid 

10 

24.70 

13.60 

0.30 

0 


20 

26.48 

13.80 

0.35 

1 

Ammonium Dihydrogon 

Phosphate 

10 

27.04 

15 20 

0.07 

0 

Borax: Doric Acid (3:7) 

10 

28.37 

M.07 

0.32 

0 

Borax: IJoric Acid (1:1) 

10 

20.30 

13 20 

1 22 

130 


20 

28.52 

13 20 

0,28 

0 


5 

25.42 

13,58 

7 8G 

105 

Borax: Boric Acid (7: 3) 

10 

20.08 

13.04 

5 07 

210 


20 

20 22 

15 21 

0,48 

13 

BoraxiBorio AckhAmmonium 

10 

30.50 

16 00 

0.21 

5 

Dihydrogoii Fhosphnto (1:1:2) 

20 

30.73 

13.15 

0.20 

0 

Borax: Doric Acid: Ammonium 

10 

20.75 

16.18 

0.21 

0 

Diliydrogon Phoapliate (7: 3: 6) 

20 

33.42 

16.32 

0.22 

0 


material such as sodium chloride has little if any effect on tho isolated 
glowing reaction, while the sulfainato and borax appear to aecontuatc it. 
This is due, probably, to the larger amounts of char remaining after the 
disintegration reaction. However, witii the phosphate and boric acid, both 
the extent and duration of this reaction arc reduced to very low values, 
the former being the most etficiont in respect to oxidation in the presence 
of the flame source, With mixtures of borax and boric acid, the glow-re- 
tarding component loses its inhibiting effect if the borax component is in 
excess. In the tlnee-componont syatein, which includes the very efficient 
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phosphate, glow propagation is also reduced to nil although oven here the 
borax appears to exhibit a deleterious action in that the oxidation in the 
presence of the flame is considerably greater than that obtained with 
phosphate alone on the char. 

These oUects indicate the composite nature of the secondary oxidation 
of the charred residues from fabrics and point to changes in the course 
rather than to the over-all rate or extent of the reaction ns being the 
important effect brought about by retardants. Preliminary experimenta- 
tion establishes that the afterglow phenomenon is a general one for carbon 



Figmc 26. Tho Himiliiiily in the OMclnlion ch.uftcLuiihtif^ of cIkutccI 1'0'-1(1uc& from 
fabiies and alisoibciiL caibon as inilur'iiec'd by glow-ndaiiling pliO'phalo*' 


and not confined to fabric residues, Tliis is shown quite readily in Figure 
20, where the rate of CO^ evolution is determined Ijotli for fabric residues 
and for Norite absorbent carbon. In eacb case both the rate and extent of 
this oxidation is reduced for the addition of ammonium phosphate when 
oxidation is carried out under identical conditions m a standard “Com- 
bustion Train.” The standardized combustion conditions of one gram of 
char at 500® C. and 200 cc. of air per minute arise from an examination of 
the factors affecting the oxidation reaction for untreated absorbent carbon 
Here it is found that with variation of the temperatures above 300® C. 
both the rate and the extent of the oxidation to COg increase with in- 
creased temperature, but above 600® C. the rate is insensitive to the 
temperature, while the extent of the reaction continues to increase until 
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at somewhat above 700“ C. the theoretical production of CO 2 is ap- 
proached, SijnilarljTj variations of oix’ supply influence the reaction, greater 
velocities promoting a more rapid reaction. In the vicinity of 200 cc. of air 
per rainute, increased air supply does not influence either the rate or ex- 
tent of CO 2 evolution, which arc hei*e solely dependent upon the tempera- 
ture and amount of carbon present. Further examination shows that with 
variation of the carbon concentration from 0,25 to 1.0 gms., little if any 
change in the COa rate occurs, while the total amount generated is directly 
proportional to the original carbon charge. The chosen conditions of 
600“ C. and 200 co. of air per minute per gram of carbon are hence con- 
sidered ideal for comparaMve studies of this kind. 

For thorough studies on the kinetics of the oxidation of charred fabric 
residues, the equipment of Figure 27 provides a rapid and convenient 





Figure 27. Pyrolytic cQuipmenl for Iho production of chaned rosijliic’** from fnbiics 
for further oxidative studies. 

means for producing chars from variously treated materials. licro the 
fabric is decomposed under pyrolysis conditions of 500® C. and less than 
6 ram. Hg. absolute pressure for various periods of lime. On cooling, the 
residual char is removed and one gram is inserted on the Ihorinocouplc 
junction of the equipment shown in Figure 28. Dry and C02-free air at 
200 cc. per minute passes over the char where the initialing temperature 
is 600® C. The carbon dioxide evolution is determined at various time in- 
tervals at the absorbent system Cj and Cg while the residual CO is further 
oxidized by passage over hot copper oxide and is determined at time in- 
tervals by absorption at and Cs- 

In the oxidation of the char, the course and rate of tlie various reactions 
appear to bo dependent not only on the retardant but also upon the com- 
pleteness of the pyrolysis. Higher temperatures and pyrolysis times pro- 
vide for more complete tar generation and give better differentiation for 
the course of the oxidation of chars from treated and untreated fabrics. 
These effects are shown in Figure 29, where a fabric containing 6% of 
diamraonium phosphate is compared with the original untreated cotton. 


E, THERMAL DECOMPOSITION PRODUCTS 71 

The phospliaio apparently changes the course of the oxidation, favoring 
the pioduction of CO rather than COg, and the effect is most apparent for 



_ Figuie 28. Equipinnit for kinetic fitiidios on the oxidation of chaired residues 

from fabric?' 


P, M, i,: air inlet system; C- purification of inlet air; j, T; oxidative sys- 
tem for char; Dg, Z),, Ci, Cg, 0^'. COg determination system; Fg: CO oxidation 
system; Dg, dg, C,, C^, Cg\ CO determination system; dg, Ig, B: gas exit system 


chars prepared by lengthy pyrolysis. Similar effects are shown for pyrol- 
ysis at 550° C. in Figure 30, where the promotion of CO formation is 
even more apparent with increased completeness of pyrolysis. 





O fO 20 30 40 so o to 20 30 40 SO O lO ^ 30 40 SO 0 10 20 30 40 SO 60 
CoMBt/anoN TiMS tn A^/Nuras 


Figure 20, Comparative data for inilrcnlcil fabric and (hut treated with 5'/f diiim- 
monium plioap]iato» ahomog the influence of tlie retardant In altering Ilia eoiir-e of 
the oxidation of tlio charred losiducs fi-om these fubrica, 



Figure 30. The influence of 4% diammonium phosphate in promoting the ovula- 
tion of ehaned I'esiduca from fabrics in tlio clircction of CO rather timn COs,' a func- 
tion of tl>o complotonoss of the prcliminaiy pyrolysis to eliminate tlie tariy products 
responsible for flaming. 
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The agreement between the course of char oxidation and the tendency 
for nameless combustion is demonstrated in Figure 31. Here the very 
efficient phosphate glow retardant I’educcs the COg evolution from 2.5 to 
0.8 grams per gram of char for additions as low as 1 % of the retardant to 
the fabric, and this reduction is not affected appreciably by further addi- 
tions of the phosphate. Similar effects are obtained for the faiidy effective 
boric acid where again the CO 2 evolution is reduced, but not to the extent 
of that obtained for the phosphate, the minimum value being about 1.2 
grams of CO 3 per gram of char irrespective of the amount of boric acid 
added originally to the fabric. However, with a glowing type of retardant 
such as borax, small additions liave little if any effect on the course of the 
oxidation of the resultant char, and even for higher amounts the value 
never falls below 2.0 grams of CO 2 per gram of char. These results arc in 
direct accord with the observed facts that quantities of ammonium phos- 
phate or boric acid as low as 1 % will prevent glow propagation but that 
borax although inhibiting flame propagation will not prevent the travel of 
flamcless combustion in a fabric, irrespective of the amount of the re- 
tardant. The prime difference apparently lies in the relative abilities of 
Iheso retardants to promote the oxidation of charred fabric residues to the 
monoxide rather than the dioxide state of carbon. 

Charred residues obtained from the pyroIysi« of glowproofed fabrics 
retain their non-glowing cliaractcristics even after 14 hours' extraction 
with hot walcr in a modified So.vhlet apiiaratu'^ Further cxtrnoUon for 5 
lioiirs with methanol, refluxing for 1 liour with 0.1 N. NaOH and 14 
linurs' additional water extraction have no further effect on an originally 
glowpvoofcd char. This resistance is exhibited by the phosjDhato- and boric 
acid-treated materials and their l>lend^ with bor.ax A.pparontly the borax 
compononi is removed quite readily by the extraction, leaving the glow- 
prnofing agent alone on Die char. 

Chars from untreated cotton fal)ric and those from material treated 
with borax glow very readily, but when these chars are impregnated with 
cither boric acid or diammonium phosphate the glowing tendency is 
greatly reduced Tlicso investigations indicate that the physical form or 
state of the carbon is not a governing factor, since chars of the glowing 
tyi)c may be converted to the non-glowing type by simple addition of the 
anti-plow agent 

The tenacity with which (NHilsHPOj is retained after pyrolysis is de- 
pendent to some extent upon the presence of other materials in the charred 
residue. Mixtures of glow retardants with borax arc not retained nearly so 
well as is the anti-glow reagent alone, while borax alone is removed very 
quickly by extraction. The an/ilyses of the charred residues both before 
and after extraction show that practically all the originally added phos- 
phate is retained by the char as demonstrated by Table 12, and its I’eten- 
tion appears to bo independent of the extent of the pyrolysis. However, 
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fabrics- 

Chars from— [7; untreated fabric; B: boras treated; BA.: boric add treated; and DB.: diammonium phosphate treated fabric. The per 

cent values are those added ongmally to the desized twill. 
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Table 12. Composition of the Pyrolytic Chai's from Various Fabrics 



Theory 

(CellicOi) 

Untroaiod 

6%(Nm)*np04 

Uoforo After 

Exlraolion Extroollou 

6 % Bornx 

Doforo After 

Extrnotion Exlrnotlon 

c % 

4‘1.4 


78.66 

79.14 

77.38 

87.33 

n % 

6.2 

3.40 

3.04 

3.49 

3.19 

3.98 

Ash % 

0 

3.60 

2.00 

3.67 

9.29 

0.76 

IhVOi % 

0 

0 

6.06 

7.7 

0 

0 

IIsO Soluble 

0 

0.1 

- 1.4 

0 

16.9 

0 


mixture of the phosphate with borax lowers the HgPO, retention some- 
what, probably due to the Na^PO^ formation. 

X-ray diffraction patterns of the fabrics, both before and after pyrolysis 
and extraction, indicate that at most the retention of the glow retardant 
is due to a surface intermicellar reaction. The patterns for the treated 
fabrics are identical with those from cellulose and the patterns obtained 
from the pyrolyzed and extracted chars are consistent with those from 
carbon. 



Chapter III 
Mechanisms of Flameproofing 

iS. Cop-pick 

Although the literature on the subject of flaraeproofing is quite extensive^ 
the majority of the experiinents performed have been of a practical nature 
dealing with the development of new and improved flamc-relarclant ma- 
terials and methods of application. For this reason, there is litUc experi- 
mental data available pertaining to the fundamentals of flamcproofiiig 
agents and the mechanisms by which they function. In the absence of 
supporting data, there has been in the past considerable speculation as to 
these mechanisms and, as a result, several different explanations of the 
phenomenon of flame retardation have been proposed. Tn contrast, the 
phenomenon of afterglow 1ms only in recent years l)con recognized as an 
independent corollary of aftorflaming and hence hos not l)ccn tlie subject 
of such extensive speculation. In further advances into the field of flanK'- 
proofing, it is higlily desirable that future experiments be basc'd, not upon 
theoretical speculations, but rather upon fundamental mechamsin.s winch 
have soino foundation in fact. 

In the preceding clinptor, naine-rctarcling materials were sliown (o have 
a specific influence upon the rate and extent of formation of the thernial 
degradation products of celluloso. This influence mav I)e rt'gardi'd a'* I hi* 
primary effect of finmeprooflng action. It would bo well, tlierefore, to delve 
further into the fimdaincnial inechanisms in iin attempt to uncover tlic 
basic causes of these primary effects. Consequently, the following rlmptc’r 
has been devoted to consideration of tlie mechanisms of Llie prevention of 
nftorflamc and afterglow. An attempt has been made to diseuss critically 
the mechanisms advanced, placing proper emphasis upon those which ap- 
pear to have a better foundation in experimental fact. It is quite apj^arent 
that considerable additional experimentation is called for on these moi’o 
fundamental aspects of flameprooling. 

A. PREVENTION OF AETERFLAMING 

1. ClIIDMICAL ThEOUIES 

An examination of the eomposition of the efficient flre-retarding chemi- 
cals reveals that with only a few exceptions they include those materials 
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which might be expected to enhance the decomposition of cellulose under 
the influence of heat. Moreover, the majority of retardants have an appre- 
ciable degrading action on cellulose even at normal or slightly elevated 
temperature or when subjected to sunlight. At first this would appear to 
be contrary to their retarding action in the presence of a flame, but it is to 
be remembered that flameproofing does not involve protection from 
damage to that area in the vicinity of the heat source, but simply excludes 
propagation of the flaming reaction. 

The most common agents which have a pronounced degrading action on 
cellulose are the strong alkalies, the mineral acids and oxidizing agents as 
shown in Chapter II, and it appears to be more than a coincidence that 
these should be the materials most effective as fire retardants. It is not 
necessary that these degrading chemicals be used directly due to their 
pronounced tendering effects under atmospheric conditions, but a more 
practical method is to provide such combinations that will produce the 
active ingredient under tlie influence of heat from the flame source, On 
this basis the theory has been proposed that the flame-retarding effects 
shown by many substances are due to their promoting the breakdown of 
the cellulose at high temperature in a direction other than that which 
takes place in their absence. 

The substances whicli produce strong alkali at high temperatures in- 
clude ihc alkali salts of weak acids, Ic., borax, sodium carbonate and bi- 
carlionatc, sodium tungstate, silicate, stannatc, molYbdato. aluminatc, and 
arsenate. None of the neutral salts of strong acid^ nnd bases arc subject to 
marked decomposition at flame temperatures and to produce strong acids, 
(lie salt with a weak ba.se is preferred. Tliose most easily decomposed are 
tlio ammonium salts and include the phosphates, sulfamate, sulfate and 
li.alidcH, although calcium, magnesium and zinc chloride arc rclativolv un- 
stable and have a pronounced flamc-rctardmg effect The easil\ reducible 
oxides arc well known in their degrading action on cellulose and may be 
used directly or in the liydroxide or hvdratcd form whii'h include ferric, 
stannic, arsenic, chromic and titanic. The standard oxidants and oxida- 
tion promoters such as potassium nitrate, tlie metallic chromates, silenium, 
potassium permanganate nnd thiocyanate arc also fairly effective re- 
tardanl.s ' 

Evidence in favor of this theory is given by Ramsbottom nnd Snoad ^ 
who limited their intensive investigations to the borax-boric acid system, 
and by Metz,® Screbrennikov,® Palmer,^ and Richardson ® in their studies 

‘ Ramsbottom, J. K., find Snond, A. W., Dept, of Scientific nnd Industrial Research, 
Great Britain, Second Repoit of the Fabrics Co-ordinating Research Committee 
(1930) 

^ Metz, L., GasschuLz U Luftschutz, 6, 260 (1936) 

®Sorebrennikov, P. P., U. S. Forest Service Div of Silvics, Translation, 9, 161 
( 1 Q 34 ). ^Palmer, R. W., Ind. Eng Cbem , 10, 264 (1918). 

“Richardson, N. A., J. Soo. Chem. Ind., 56, 202 (1937). 
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on the Hreproofing of woody matemis. The data indicate that the effective 
chemicals alter the course o£ cellulosic decomposition favoring the forma- 
tion of lesser amounts of inflammable tars and gases and increasing the 
production of non-volatile carbonaceous matcnal ihc theory is also m 
direct accord with the effects shown in the pyrolysis and control ec com- 
bustion studies of Chapter II, wherein marked decreases in both the 
amount and concentration of the available tarry fuel supp y aic obeivcd 
on the addition of the retarding chemical, and this fraction is directly 

related to the flaming characteristics of the fabric. . 

A schematic summary of the change in the course of cellulosic fission 
brought about by retardants is given in Figure 1. Here the normal reaction 



various fission products. 


is pictured as pi-oceeding initially to givo large quantities of volatile and 
relatively low molecular weight fragments which are easily cracked and 
oxidized in the vapor phase and constitute the flaming interface. The small 
amount of non-volatile charred residue is further decomposed to give 
minor amounts of gas and carbon, the latter being susceptible to oxidatmn 
by the flameless combustion reaction. In the presence of the directing in- 
fluence of retardants, however, the course of the reaction appears to be 
toward fission of fragments of much greater molecular magnitude or of 
such structure to promote lesser volatility. The small amount of low 
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molecular weight tars pass off aa before but their quantity is insufficient 
to support a continuance of the flaming interface. The non-volatile con- 
stituents arc cracked in a solid phase reaction giving rise to larger amounts 
of gases and carbon than in the normal reaction. It appears that the criti- 
cal reaction is the highly exothermic oxidative cracking of the degradation 
fragments, and it is essential that this process be confined to the solid 
phase if flaming is to be eliminated. The function of the retardant will 
then be to promote the initial breakdown in the direction of non-volatile 
fragments either by changing their relative size, -'molecular complexity or 
the nature of their side groupings. Any process such as cyclization, poly- 
merization, polycondensation, or cross-bridging of these fragments should 
be effective in promoting their retention of the solid phase at high 
temperatures. 

One of the specific mechanisms for the preferred course of cellulosic de- 
composition in the presence of a retardant would be the ideal where the 
whole of the carbon content would be confined to the solid phase. This in- 
volves a catalytic dehydration process such that the following prevails: 

(CaHioOs), — j- 6x C + 5, HjO 

All fragments arc thus confined to non-volatile carbon, and flaming can- 
not ensue. This mechanism has been proposed by Leatberman*’ to explain 
the retardant action of metallic oxides, particularly the hydrated stannic 
oxide ns originally used in the Perkin'' process. Similar catalytic pyro- 
genic decomposition functions are forwarded to explain the action of ferric, 
manganese, cobalt, antimony, lead, arsenic and zinc oxides, and arc 
compatible with tlieir known dehydrativc activity in other reactions Tlio 
theory has been extended to cover a large number of the soluble inorganic 
salts which decompose at flame temperatures to produce desiccant ma- 
terials such as NaOH, I-LSOj, H^PO^, NHoHSO^, etc., and is substantiated 
by Lcatherman’s " studies whore heating of untreated fabrics and those 
ti-eatcd with metallic oxides is conducted in a stream of air. Considerably 
more carbon is set free in the case of the treated fabrics, and in similar 
rapid heating experiments the water liberated from treated fabric is 
equivalent to about twice that normally produced from the untreated 
material. These results are in agreement with those of the combustion and 
pyrolysis studies described in Chapter II; however, tlie variation of the 
amount of water liberated with the quantity of added retardant is not 
quite sufficient to be accepted as conclusive evidence for the wide adapta- 
bility of the mechanism. 

Another fundamental mechanism of wider applicability is that stimu- 

‘’Lcathermnn, M., U, S. Dept, of Agriculture, Circ. No. 466 (March, 1038). 

^Perkin, W. H., 8th Interaat’I. Cong. Appl. Chem., Washington and New York, 
28: 110-134 (1012). 
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lated by the observation of Sisson® that the majority of tho ofToctivo 
flame-retarding chemicals contain groupings which arc activo in liydrogon- 
bridging processes. The well-ordered and relatively inaetivo i)ortion of 
cellulose is considered to involve the hydrogen bonding between adjacent 
hydroxyls, while the disordered and active portions aro eliaracteriKcd by 
the bridging of adjacent chains via water molecules.'’’ The structural 
stability of the system is critically related to these intormohjculav forces 
and it is proposed that upon contact with high tompcraturo sources the 
bridging media are losfeidue to the thermal activity of water at tlieso 
temperatures, but that the linkage may be maintained if a non-volaiile 
component of sufficient hydrogen-bonding activity is proaont. Tho cleo- 
tronic configurations which promote strong linkages of this ty))o in the 
cellulose system are —OH and — Nllg. Those groupings are particu- 
larly prevalent in tlie more efficient retardants such as the pliosphatcs, 
sulfates and sulfamates, and the theory proposes that thermal stability 
and the confining of fragments to the solid phase is due to a great exien't 
to the hydrogen-bonding capacity of tlieso comjiounda. Tt is further 
pointed out that the main chemical characteristic of the strong d('Ii.vdi‘n- 
tors and the hydrated salts effective in retardant aotion is their active 
hydrogen-bonding power, and although they prefer to stabilize their elee- 
tromc configuration by bonding with water, in the absence of the latter ( h(‘ 
cellulosic hydroxyl serves the same fimction, 

It has been observed in many instances that the thermal siahililv of tlie 
celiidose chain as a whole is intimately associated witii the aclivit'v of ih 

alcoholic groups. Thus, fission of the glucosklie linkages hy tlie l.v'drolvsi. 
or oxidative proc^s_ takes place much kss readily if tlie hvdroxvls'ai'e 
inactivated by substitution as exemplified by the relative stahility „f (|„. 
cellulose derivatives. The acidic retardants may then fiindion not only in 

airect aibstituhon at flame temperatures. The bi- and fri-fimefiomilil v nf 
the phosphates, sulfates, and sulfamates also provides for (■l■0Hs-!inkiMlr 

2. Coating Tiieoutes 

i'- -oil. 

W. A , .tae? W Z.T “ 

; Huggins, M.. J. Or,. Ohm, 

w, K, Cei, ,u,u Wi.oy „„d Sons. No. Yo* 

Mark, H., Clem. Revs., 26, 169, 181 (1940). ' 



Figure 2. 45“-Microbuinor flame test 

1. 9% Boric acid (HJlOs) 

2. 16% Borax (NaB^O/ • lOHjO) 

3. 13% Borax:Boric acid (1 •!) 

4. 9% ISorie acid (HaBOa) 

6. 9% Trisodium phosphate (NagPO^ • 12H>0) 

6. 10% Trisodium phosphate :Boric acid (1:1) 

7. 9% Boinc acid (HjBOg) 

8. 9% Aluminum sulfate (Al4(S04)s*18Hs0) 

9. 12% Aluminum sulfate :Borie acid (1 :1) 




B: burner; Q; qunrl» tulu', 
P.* pyrox tube; F: fabric; 
0: funnel; A: fliimo diroction ; 
Ti, Ta: thormocoupIoH, 


rjIMfl- r’l 


A. PREVENTION OF AFTERFLAMINQ 


81 

point find upon contact with a flame fuse to cover the fabric with a glassy 
layer. Upon this Gay-Liissao ” advanced the postulation that one of the 
mechanisms for flameproofing action involves the coating of cellulose with 
a non-pcnetrablc skin whereby oxygen exclusion functions to prevent 
propagation of the combustion reaction. Various modifications of the 
original hyjiotlicsis have been forwarded, and the theory is very prevalent 
in recent literature. 

The action of the borates has been explained on this basis and the theory 
is ])articularly suitable for considerations regarding the specific and 
anomalous behavior of the oflicient mixtures of borax and boric acid. In 
researches conducted by the British Air Ministry,^ this flameproofing sys- 
tem was investigated with considerable thoroughness, and it is pointed 
out that although each of the components alone performs a coating func- 
tion, tliG mixture acts much more efficiently. Both borax and boric acid 
leave a badly distributed and poorly adhering crystalline deposit on a 
fabric, while the mixture has verj'’ little ciystalHzing tendency and on 
evaporation of tlic water leaves a glassy matrix which forms a tightly ad- 
hering and almost invisible covering over the cotton fibers Ciiarring tests 
indicate that this two-component layer is more impervious to air than arc 
its constituents alone. 

I'Toretofoi’e, attention has been directed to the desirability for the forma- 
tion of a vitreous layer or skin on tlie fiber surface; however, it appears 
that (he most effective coaling is one of less glassy nature Investigation'^ 
with mixtures of various salts .show that there are wide variations in the 
iTspective alnlitios of certain Iflends to form frothy products when sub- 
jected to heat sources of an intensity comparable to flame temperatures 
IMoreover, the effoidivencss of tho.sc mixtures of inorganic compounds in 
pre^' 0 ^llng afterflaming is somewliat proportional to their tendencies to 
form stable foams The superiority of .s])ccifie mixtures over tlic siinjile 
eom))onenls is demonstrated in (ho 45° flame test specimens of Figure 2 
The function of (lie foam apjicars to be not only to jirovide protection 
of tile fabric from the air, but also scivcs a< a barrier to the flame and 
cnlrn]is tlie volatile tars evolved during combustion. 

The simjdc formation of a foam is not the only requirement for effi- 
cient flameproofing, altlioiigh in general the agreement is rather good. 
For maximum retardant efficiency it is postulated that a two- or threo- 
eomponeni system should have such properties that one component at 
least must decompose at a relatively low temperature with the evolution 
of large amounts of gaseous products. The decomposition temperature 
sliould bo in tiic vicinity of 80 to 200“ C. and the resulting gas phase of 
course must be non-flammable, i.e., either H^O, COo, NH 3 or SO 2 , etc. 
One of the other components must melt at a temperature near that at 

Gay-Lussac, Ann. Chim. Phya., 18 (1823). 
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which gas evolution begins, and tlie mixture should be compatible, form- 
ing a uniform flux which solidifies as decomposition progresses. The 
foam resulting from these series of phase transitions should be a mineral- 
like structure stable at temperatures in the vicinity of 500® C. 

The number of inorganic materials which have the desired properties 
is rather limited, and usually not all of the requirements arc met. How- 
ever, a pronounced foaming tendency usually leads to effective retardant 
action although the relative eflicicncies may not always follow the correct 
order due to improper foam structure ns shown in Table 1. Here the foam 
height is reported as that attained when 6 grams of the retardants are 
heated in a test tube of 1-inch diameter for 5 minutes at 450 to 500° C. 

It should be pointed out that this mechanism is not intended to include 
the processes which lead to the effective action of the strong acid tyim of 
retardant. Hero, undoubtedly, the prime cause for flamoproofing is en- 
tirely different since foaming tendencies for the ammonium phosphates, 
sulfamate and bromide are negligible. 

3. Gab Ti-rEomns 

The hypothesis presumes that flamoproofing may bo accomplished by 
the impregnation of fabrics witli a material which will decompose readily 
at elevated tomporatures with the evolution of inert or diflicultly oxicliz- 
able gases or vapors. Changes in the atmosphere in the vicinity of the fab- 
ric are supposed to serve either of two functions: the dilution of the in- 
flammable gases produced during normal collulosic decomposition or by a 
blanketing olTect to oxeluclo or reduce the prevailing oxidising almosplici’c 
of the environment, The supposition of a quenching action hy rapid gas 
evolution is also prevalent in the general concept for incchnniHms of lliis 
type. The effect of such changes in the concentration of gaseous fuel and 
air is ]5resumccl to raise the kindling tcinpcrnture of tlic vapor mixture (n 
such an extent that the rate of combustion is reduced, and in the limit 
becomes zero, at which point flame propagation ceases. 

Among the gases most commonly considered effective are: COo, NH,,, 
HCl, ligO, and SOg. The theory is hence supimrtcd l)y the flamG])roofing 
action of sodium carbonate and bicarbonate, the ammonium halides, phos- 
phates and sulphates, the chlorides of zinc, calcium and magnesium, higlily 
hydrated salts such as borax and nluminiim sulphate, and by ammonium 
sulfamate. 

The relative efficiencies of the flame retardants which might function via 
this mechanism should depend upon several factors. The available inert 
gas supply, the decomposition temperature and the rate of gas evolution 
in the required temperature range should bo the determinants. It is gen- 
erally conceded that rapid gas evolution should proceed from the retardant 
at temperatures in the vicinity of that at which the cellulose itself 
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decomposes, and a rough estimate places this at about 300“ Ch for maxU 
mum efficiency. Hence, fclie relatively low torajmratures renjuirod fo)- Uiq 
decomposition of the ammonium salts, bicavbonatcs and iiydrates urc in 
favor of good performance. 

It has been pointed out** that although HCl would satisfy all iho 
requirements in a mechanism of this type, the com})oiinds wliicli show aj^y 
spontaneity for evolution of this gas, in tlic required Cc’mi)('ra(iir(‘ range, 
usually decompose at appreciable rates either thermally or by liydrolysis 
under normal atmospheric conditions. Hence, their tendering effect on 
cellulose renders them of little if any j)racLical imjmi'Lanee. Fuj’lln'j'jnore, 
if more stable HCI donors such as the chlorinated rosins arc used, (lie gns 
evolution does not proceed at a sufTicient rate until teinpei-atures greally 
in excess of 300® C. are reached, and they do not ])i'ovida adc'quale llatue- 
proofing when used alone. However, in the presence of a deeldorinalion 
catalyst the velocity of gas evolution might !)c increased at I he desin.d 
temperatures. This is cited as a contributing mcchnnism for I hi* pi-oleelion 
afforded by certain chlorinated materials in liic presoneo of zinc oxldi* nr 
basic zinc carbonate. 


From a quantity of gas standpoint, the theory I)eeoni('H almost un- 
tenable when the practical and effective additions of relai'danls aiv enm- 
pared with the amounts of non-flammable gases produced by (be de- 
composition of cellulose itself. Experimentation ” shows lhal nnm' of (he 
well-known retardants produce inert gases in quimtilies of majmihide 
much greater than the fabric alone. Despite this, howes'ci*, 
been widely aecepfed. The results given in CiMijiler II ov 
substantiate this mechanism as of prime imporfanee jj) (I,,, njiiocfn 

of fabrics, although it may contribute somewhat to (be ovei'-nil 
dation. 


he llieoiv )),ix 
laliilN’ do jjfij 
llaniefu'ooling 


4. TlIEItMAL TlIEOUUCfl 

It has been proposeil that tlamcprooriiifi may lie inert „„ n (liiTiiinl 
basis wlioraby fatac temperatures “in situ” are reluin,.,! ||„, ,|i, 

cation point Two major concepts are lu-ovulenl, 11,,. „t ulii.-li 

s^nateTh ^ of O" incident l.™i sninr,. I.c dis- 

puted by an endothermic change in the retardant ilwlf 'I’liiis ( i,,. 

ublimation or decomposition of the retarelanl as well „s a, v . 

J aw? »' Cheniraia in Water Solntion,” 
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fabric. The second hypothesis supposes that the incident heat may be 
conducted away from the fibers at a rate comparable to that at which the 
source supplies it, and thus by effects similar to those encountered in the 
Davy Safety Lamp the fabric in the vicinity of the edge of the flame 
never reaches its combustion temperature. However, although little or no 
oxj)erimentnl evidence has been forwarded for this hypothesis, it would ap- 
pear that since only small amounts of certain materials are required to be 
effective as retardants they would have to be extremely efficient in their 
heat-dissipating capacity in order to substantiate the theory Moreover, 
there exist a number of salts which are ineffective as retardants although 
their energy changes are similar to those of the efficient salts. These non- 
rclardants have little or no practical flameproofing value when added in 
moderate amounts to a fabric and even upon the addition of excessive 
quantities they will not prevent flame propagation and at most only re- 
duce the rate at which the fabric is consumed. Furthermore, the known 
heat conduction constants for materials of widely divergent retarding 
power are either quite similar or are not sufficiently different to account 
for their dissimilar flameproofing qualities. 

Further verification of the inadequacy of this theory to explain the 
facts is found by a detailed study of the phase transitions involved in the 
tlicrnml hdunaor of a large number of retardants when heated to tempera- 
tur(’.s in tlic ^dcinily of that attained by burning fabric Wlien these salts 
are healed at a constant rate and the differential heating curve determined 
for equal ([uantilies of retardant components and mixtures, the number 
of innections and their magnitude may be taken as being directly propor- 
tional to (he lieat-ab'-orbing capacity of tlic .syetom Phase data, similar 
to that depicled in Figure 3, for a large number of material? show that no 
eorrelatiun exisl?* between the number, position and magiutudc of the 
energy clmnges and the relative ability of the materials to prevent flame 
I.ropiigation Tn fact, some of the better retardanU undergo only minor 
transitions ami m the case of the fairly efficient ammonium sulfanmte- 
])lio«pha(e mixture even an exothermic change is observed 

A studv of the thermal behavior of fabrics when decomposed via the 
experimental metliod previously described in Figure 24 of Chapter II 
sliows tliat the phase and energy changes take place in several distinet 
steps. When conducted in cither nitrogen or COg atmosphere, an initial 
heating period is observed accompanied by evolution of some water and 
gas during wliicli the fabric is raised to about 300° C. Following this, a 
rapid reaction proceeds with the usual tar and gas eliminaUon which takes 
place isothcrmallv. Bowever, in the presence of air, the initial induction 
period is succeeded by a rapid exothermic reaction, coincident with tar 
evolution, wherein the fabric temperature rises to from 500 to 700 O. 
depending upon the velocity of the air supply. The intensity of this spon- 
taneous reaction appears to be independent of variance of the initiating 
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temperature in the range of 300 to 500® C. Hence, any retardant func- 
tioning as an energy absorber or diffuser would be required to maintain 
fabric temperatures below 300“ C, to prevent continued burning. Follow- 
ing the tar evolution, the temperature falls for a short time until the resid- 
ual char begins to undergo the secondary exothermic oxidation which 
coincides with the afterglowing properties of the material. The latter re- 



Pigure 3. Phase transitions occurring during llio healing of various rotardanls and 
the energy changes involved in tlie.'ic transitions. 


action, however, is a separate phenomenon and is not pertinent here, but 
is discussed fully in a later chapter. It is the primary dissociation and 
oxidation that is directly responsible for the flaming characteristics of the 
fabric, and as shown in Figure the intensity and duration of this initial 
reaction appear to be unrelated to the good flame-retarding characteristics 
of small amounts of the borate mixture. In all eases the initial, reaction 
proceeds with maximum intensity in the neighborhood of 500® C., and it 
is only with excessive amounts that slight physical oifects are observed. 
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Similar behavior is exhibited by fabrics treated with other retardants, 
and no conclusive evidence appears in support of the thermal theories. 



FiRiirc' -J 'J'hc tliormnl bcliuvioi of fabiich lieatwl with bora\-botic acul 11 wliin 
hoiilfd 111 C. in Iho pro-spiicc of im. The per cent values luo tho'^o luldecl lo dc- 
Pizeil twill luut Uic lempomliues aie thohC maxima attained m the pnmaiy dissocia- 


tion iciicLioa. 

B. PREVENTION OF AFTERGLOW 
1. Chemical Theories 

It is apparent that the glowproofing of fabrics is directly concerned 
with llie oxidation of carbon which is the mam constituent of the charred 
residues which undergo this reaction. Studies attempting to elucidate the 
iirimo cause for tlic phenomenon have discouraged investigation clue to the 
limited number of compounds which exhibit good retarding effects. How- 
ever, some light is cast on the problem by considering those materials 
which actually enhance the glowing characteristics of cellulose. Here it 
should be remembered that although such materials as stannic oxide in- 
hibit flaming combustion they render fabric particularly sensitive to con- 
sumption by flameless combusUon. Similarly, Kramer^ has found that 
many raeiallio oxides have a catalytic action on the oxidation of carbon 

i^Kvamor, W. A,, "The Catalytic Oxidation of Carbon/’ Thesis, Ph.D., Ohio 
State University (1027). 
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such that the ignition temperature is much lower in their presence; and 
burning proceeds much more rapidly. Furthermore, Whitescll and Fraser 
have shown that although manganese dioxide catalyzes the oxidation of 
carbon monoxide, its influence is dependent upon traces of alkali, and 
•when the oxide is prepared free from absorbed alkali the catalytic activity 
on the oxidation is greatly increased. It would appear then that at least the 
enhancement of the glowing characteristics imparted to fabrics by the 
metallic oxide type of flameprooflng may be attributed to catalytic in- 
candescent oxidation of carbon following its formation as a char from 
flame-inhibited cellulose, and that this catalytic activity is extremely 
sensitive to poisoning by alkali.® 

The above phenomena have direct analogies in the field of glow retarda- 
tion. Here, as has been shown in Chapter 11, although boric acid and 
ammonium phosphate in very small amounts prevent glow, their mixtures 
with sodium tetraborate are not effective unless the boric acid or phos- 
phate is in excess. The retardation process is hence likewise susceptible 
to poisoning by alkaline salts, The evidence is therefore in favor of a 
single catalytic influence on the course of the oxidation of carbon to ac- 
count for both the enhancement and retardation processes. 

One of the simplest moclmnisms whereby such activity would function 
appears to be a change in the course of the oxidation favoring a path of 
lesser exothermioity than normnl.^^ For instance, if the oxidation is pro- 
moted in the direction of CO formation rather than of COg formation, Iho 
heat of the reaction is reduced from 94.4 to 26,4 kilocalories per mole, i.c.'. 

C+Oi— »-COa AH = 9'1,<! ko, 

C + HOj — CO AIT = 20 'I ko, 

The inference is then that the first reaction is the solf-suRlaining glowing 
one, while the second, in which tlio energy change is considerably lower, is 
the course taken by glow-retarded fabrics, whore the lieat lilici'alerl is 
insufficient to propagate the oxidation after the instigating source is re- 
moved. This theory presumes that the retardants accelerate the formation 
of carbon monoxide and decelerate that of carbon dioxide when cliarrcd 
residues are subjected to heat, and is in eom]dctc accord with tlic exjjcri- 
mentally observed effects given in the previous chapter 

The catalytic mechanism favoring the preferred reaction may involve 
changes in energy barriers (heats of activation) for the two reactions or it 
may proceed by the following set of reactions:” 

2Il3POi + 6C — > 2P + 6CO + 3 II 2 O 
4P + 6O2— ^-2Ps06 
PjOs + 6C — ^ 2P + 6CO 

Whitesell, W. A., and Praser, J, C. W., "Manganese Dioxide in tho Catalytic 
Oxidation of Carbon Monoxide," J. Am. Cham. Soc., 45, 2841-51 (1923). 

^’Sisson, W. A., Paper presented at Office of Quartermaster General, Conference 
on N.R.C. Project Q.M.C. #27, Washington, D. C, (Deo, 16, 1944). 
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Here the phosphate directs the carbon to the monoxide form and is regen- 
erated, the net heat liberated in the series of reactions being considerably 
less than the direct oxidation to the dioxide. 

Another possibility is that the active centers on the carbon char may be 
taken up by the retardant, thus lessening its activity. The surface sorp- 
tion may bo similar chemically to the well-known graphitic acid type such 
as graphitic bisulfate or fluoride, and the following illustrates a possibility; 


ON 0// OH 

C c i 

o'' ^0 
c c c 

Ce//uhse "micel/or" 
surface 

norma! active surface 
on char 

'inacHvated"surface 
due to a phosphatB 
retardant 


Sketch 0} fuxation, of phosphate to cellulose micelle. 

The tenacity with which the glow retardants are held on the char further 
indicates that the mechanism is associated with a surface catalytic phe- 
nomenon, but the data arc insufficient to determine the type of sorption 
involved. 


2. Physical Tiieoiues 

The anti-glow properties imparted to carbonaceous residues resulting 
from the flaming combustion of fabrics have been attrilnited to a fluid 
inconiljusliblc layer which coatn the carbon surface to protect it from 
dir('cl contact with the oxygen of the air The mechanism is assumed to be 
identical with a similar theory advanced to account for the inhibition of 
aftcrflamiiig, but suffers in the liglit of the well-known fact that some 
retardants have excellent flame- but no glow-retarding influences and vice 
versa. A tvpical example is the borax-boric acid system, where the acid 
protects cotton from afterglow but has little or no elTcct on the flaming 
eharacLeristic.s. On the other hand, borax lias a fairly efficient flame-rc- 
tarding action but shows no flameless combustion inhibiting effects. Mix- 
turc of the two materials jirovides protection from flame but not from 
glow, despite the fact shown by Ramsbottom and Snoad that the mix- 
tures produce a much better covering and uniformity of coating than the 
components alone. Similar anomalous behavior is exhibited by the borax- 
diammonium ])hosphatc system, and it is apparent that the hypothesis 
falls down upon critical analysis. 

In the case of the metallic oxide-chlorinated body system of flameproof- 
ing, the latter component is advocated ® as serving the function of not 
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only binding the oxide to the fabric but also of inhibiting the glowing tend- 
encies. The coating property of the chlorinated paralTm or resin is as- 
sumed either to prevent oxygen infiltration or on decomposition to dilute 
the ambient oxidizing atmosphere with HCl. Again, these theories are un- 
tenable in the light of the facts, since experimentation has shown that 
even with exceedingly high additions of a wide variety of these chlorinated 
compounds, with or without metallic oxides, they exhibit no true glow- 
proofing effect. It ap])cars, however, that large amounts of these coalings 
serve in some measure to reduce slightly the rate at which flameless com- 
bustion is propagated in the char and they do actually reduce the tend- 
ency for advance of glow into uncharred areas of the fabric. However, 
they cannot be considered anti-glow reagents in the same sense as tlio 
efficient boric and phosphoric acids or substances which produce these 
two latter materials during contact with the flame. 

The further purpose attributed to anti-glow reagents, in that they are 
assumed to utilize a thermal conduction or insulation function, is likewise 
not supported by the evidence. When charred fabrics arc prepared by 
pyrolysis in a carbon dioxide atmosphere in the equipment of Figure 24 of 
Chapter II, and then hoatocl in a stream of air, their thermal behavior 
may be observed. The rate at which a thermocouple embedded in the char 
attains n temperature maximum charnoterizes conductance and oxidizing 
tendencies, and it is found that although all salts retard the rate and ex- 
■ tent of temperature elevation, there ia little if any correlation between 
these thermal effects and the glow-retarding properties of the salts, except 
when these materials aro added in large amounts. An example of this typo 
of behavior is illustrated in Figure 6, where effects shown by the excclicnt 
glow retardant NHiHjjPOj are similar to those exhibited by the good 
flame- but poor glow-rotardnnt mixture of borax and boric acid in tlio 
ratio of 1 : 1. This contrary behavior is further accentuated by the fact 
that less than 1 % of ammonium phosphate will prevent glow in a charred 
fabric, and that additional amounts are unnecessary provided other in- 
organic substances are absent. 

At high temperatures the tlicrmal properties of charred residues from va- 
riously treated fabrics are however quite different, and the insulation value 
of these chars is directly attributable to their, glow-resistant qualities. 
This property is not directly dependent upon the added retardant but is a 
function of the carbon itself. This is shown by the behavior of fabrics 
when subjected to various conditions in the equipment in Figure 6, p. 81. 
Here either flames of a reducing or oxidizing nature or air blasts at 
various temperatures may be allowed to impinge on fabrics and the re- 
sultant temperature at various distances from the opposite face de- 
termined. Experimentation shows that ilameproofed fabrics, subjected to 
heat sources of intensity greater than 1000“ G. offer resistance to heat 
transfer so that the ambient temperatures below the fabric are reduced 
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considerably, and that glowproofing increases the period over which this 
protection is effective. This elTect is observed irrespective of the nature 
and intensity of the heat source, since reducing and oxidizing flames as 
well as air blasts from 600 to 1000“ C. give similar results. The rate of 
temperatures attained under the glowproofcd fabrics eora])arcs favorably 
to that attained with asbestos paper of similar thickness. Similarly, with 
air blasts at 800“ C., the time required to reach 200“ C. at Vi inch below 



Figure 7. The effect of glow rcLardiUioii on the inMilalioii 
afforded by fabrics. The tempemturcs arc those atUiine<i in 
“dead air” % inch behind the fabric, with an ambient cx- 
terniil temperature of 600-700“ C, 


those non-glowing fabrics is equal to or greater than Lliat for glass-ashcslos 
or glass-neoprenc fabrics cither alone or when pHcd, indicating a higlicr 
insulating value for the flamcproofed cotton fabrics. An example of the 
behavior of various fabrics is shown in Figure 7. Tlicse differences result 
from the variance of the type of oxidation pursued by tlic charred residue 
With the glowproofed type, the char, retaining all of the fabric-character 
of the original material is oxidized slowly and uniformly by the soui-ec 
and at no point docs it even attain incandescence. The non-glowproofcd 
type, however, attains a white heat and decomimses with rapidity in 
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various locations allowing for intense radiation, and very soon the char 
crumbles allowing the full blast of the incident source to penetrate the 
material. The insulation is directly dependent upon the retention of a 
non-penetrablc fabrie-like structure where the “dead-air" space and the 
normal low thermal conductivity of carbon function to retard calorific 
transfer, It is only in an indirect manner that the retardant itself acts in 
the conductivity barrier via its effect on the type of oxidation pursued by 
the carbon. Tn the case of the metallic oxide coatings, however, it appears 
that the incandescent particles of the flame retardant may contribute to 
their especially poor insulation effects by enhancing radiation. 

The actual physical nature of the carbonaceous residues arc not gov- 
erning factors in their glowing characteristics as shown in the previous 
chapter, and from the above it would appear unlikely that the glow-retard- 
ing phenomena could bo induced by the retardant via purely physical 
means. 







Chapter IV 

Test Methods for Evaluation 

An ideal flameproofing agent might be defined as that material which 
when present in very low add-ons is capable of rendering a fabric com- 
pletely and permanently resistant to both afterflaming and afterglow 
without adversely affecting any of the other desirable fabric character- 
istics. The merit of a flameproofing agent, then, may be considered as 
being primarily dependent upon its ability to effectively prevent after- 
flaming and afterglow. Its practical value, however, is also governed by 
tile extent to which it may impair other desirable fabric properties such 
ns hand, strength and the penneability of the cloth to air and moisture 
vapor. In addition, its practical significance is further dependent upon the 
l^crmancnce of the flameproofness attained as indicated by the resistance 
of the treated fabric to leaching and laundering and the ionic exchange 
reactions produced by exposure to excessive perspiration or immersion in 
sea water. Finally, considering the application to clothing fabrics it is 
important that the added flameproofing treatment does not increase the 
boat load im])oscd by a garment upon the wearer nor produce any other 
undesirable physiological effects. 

In the light of tlicse functional requirements, it is evident that in initiat- 
ing any experimental program for the investigation of flameproofing agents 
it is essential that suitable laboratory test methods be available for proper 
evaluation of the retardants developed and classification as to compara- 
tive cfRcicncios. Any amount of research on new or improved methods of 
namoproofing will be of little value if the products developed cannot be 
quantitatively compared with contemporary treatments both with respect 
to the initial flameproofness achieved and the influences exerted upon 
other desirable fabric properties. An attempt has been made in this chap- 
ter to assemlile representative laboratory test procedures as would be re- 
quired in order to properly evaluate flameproofing agents or treated fab- 
rics. In order to illustrate the significance of the tests described and at the 
same time outline a suggested program for the comparative evaluation of 
flameproofing materials, the test procedures are preceded by a description 
of the performance requirements established for the laboratory investiga- 
tion of flameproofing agents or flameproofed fabrics. 
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A. EVALUATION REQUIREMENTS 
'Robert W. Little 

A comprehensive study of the performance elmractcristios of n flnme- 
proofing agent is generally a detailed and time-consuming process, Siiu'o, 
in the course of developing new retardants or evaluating the materials pro- 
posed by other investigators, it is often desirable to obtain a rapid initial 
estimate of the effectiveness of a treatment, the evaluation jirogram em- 
ployed in the experimental work of N.R.C. Project Q.M.C. #27 included 
a shorter, less extensive study intended to give a preliminary appraisal of 
the effectiveness of a retardant. In the event that the material tested dem- 
onstrated superior performance in these preliminary experiments, it was 
then committed to the extensive complete evaluation. The simrific tests 
included in any particular instance are dependent upon whotlier the mate- 
rial being evaluated is available in the form of the flamcpronfing agent 
itself or only as a processed fabric and also upon the expected durability 
of the retardancy obtained. 

Since the flameproofing agents which may be encountered fall rallier 
naturally into the categories of temporary and durable trcalmenls, it is 
well to consider the evaluation procedure for each of tiicsc two casos 
separately. 


1. PRELiMiNAny Evaluation 
a. Temporary Treatment 

In the event that the flameproofing agent itself is available for evalua- 
tion it is desirable to obtain a rough approximation of tlie minimum 
add-on requirements for effective flameproofing. To achieve lliis, Iwo 12 
by 20 inch samples are impregnated with add-ons of 10 and 20% by im- 
mersion in solutions of these same percentage conccntralions followed by 
squeezing to a 100% wet pickup. 

Flame Tests. The two samples, treated as described above, are eondi- 

"*■ *’• “'I Si.bjcctod In Iho 

45 -Mici'oburner and Vertical-Bunsen burner flame tests, using duplieale 
specimens in each case. The flame test data is recorded in (erms of aflcr- 
flame time in seconds, time of afterglow in seconds, and char area or char 
length m square inches or inches respectively. On the basis of these initial 
flame tests, the lower effective add-on is selected and cmplovcd in 11, n 

preparation of treated fabric for use in the remainder of the n'reliminarv 
evaluation tests. 

When the material being evaluated is in the form of proviou.slv m-oe- 
essed fabric, one 12 by 20 mch sample is taken and specimens cut for 



A. BVALUAT/OJf JiSQVIEEMFNTSl 




0 i I ..o 

“i' ■ 

duplicate measurements in the 45® -Microburner an^^e^tiiial-Bimsen 
flame tests. In this case the same treated fabric is 
evaluation tests. 

In order to avoid repetition, references to the “flameproofed fabric” or 
''^treated fabric” in the following discussions will be construed as meaning 
the treated fabric either as received or as impregnated with the approxi- 
mate minimum effective add-on previously determined. 

Tendering Tests. In order to determine the extent of any loss of 
fabric strength caused by the impregnation process, standard tensile test 
measurements are carried out on both the untreated and treated fabric. 
This requires a fabric sampfe 6 by 12 inches in each case in order to pro- 
vide triplicate measurements by either the grab or raveled strip tensile 
tests. Measurements are made in the direction of the warp threads only. 

These preliminary tests of a temporary flaraeproofing treatment afford 
a rough estimate of its flaraeproofing efficiency and the effect of the proc- 
ess upon the fabric strength. 


b. Durable Treatments 

Leaching Tests. In the case of flameproofing treatments of a more 
or less durable nature, the above evaluation procedure is supplemented 
by a few simple leacliing experiments. The additional specimens required 
increase the size of the original sample to be impregnated or cut from the 
treated fabric, whichever the case may be, from 12 by 20 inches to ap- 
proximately 21 by 23 inches. The initial flame tests are performed as de- 
scribed above for tlic water-soluble type, employing higher add-ons of 20 
and 409^ respectively. Again, the lower effective add-on is selected and 
that fabric employed in subsequent evaluation tests. In addition to trip- 
licate tensile strength measurements as performed with the temporary 
treatments, single 7 by 7 inch specimens of the treated fabric are also 
subjected to each of the following leaching experiments’ 

1. 30-ininutc immersion in distilled water with constant stirring. 

2 . 5-minute immersion m 6% sodium chloride solution, followed by 
wringing out excess solution, conditioning 24 hours at 70® F. and 05% 
R.PI, and leaching for 30 minutes in running tap water. 

3. 1, 3 and 6 launderings in 0.5% G.I. soap/ 

Following the leaching and laundering treatments, the specimens are 
air-dried, conditioned and subjected to the 45®-Microbm’ner flame test, 
noting the times of afterflame and afterglow and measuring the char area. 

These few simple tests provide for a preliminary estimate of the effi- 
ciency of a durable-type treatment in terms of its initial flameproofing 

^ The soap listed here and elsewhere in this volume as “G I Soap" is that supplied 
by the Quartermaster Corps as* Soap, ordinary issue; Specification JCQD No. 1008A, 
Sept. 17, 1945 (Stock No. 61-S-1644). 
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characteristics, the effect of the impregnation process upon fabric strength 
and the resistance of the flameproofness to leaching, ion-exchangc and 
laundering. 


2. Complete Evaluation 

Once a flameproofing treatment has been studied hy means of the ex- 
periments just described and shown to be fairly effective, it may be con- 
sidered worthy of more extensive investigation. In ibis case, the complete 
evaluation procedure includes a much more (Retailed survey of the initial 
flameproof characteristics of the fabric, the variation in fabric strength 
■which may occur and the i*esistancc of the treatment to leaching, launder- 
ing and sea water immersion. Furthermore, a study is made of the rclaUvc 
resistances of the treated and untreated fabrics to the passage of moisture 
vapor and the effects of high temperatures and humidities upon the 
strength and flameproofness of the treated fabric. 


a. Temporary Treatments 

Flame Tests. IVhcn the flamcprooflng agent itself is available for 
study, five 16 by 26 inch samples arc treated with add-ons of 5, JO, 1.5, 20 
and 30% respectively by immersion for a 100% wot pickup in solutions 
of these percentage concentrations. After nir-drying and condiiioniiig, (ho 
samples are cut into test specimens and tested in quiniuplicalo using Ixilh 
the 45° -Microburner and Vcrtical-Bunson flame tests. On ilic basis of tin' 
flame test performance, a minimum effective add-on is sclcclcd and sulli- 
cicnl fabric impregnated with Lliis amount of rcliirdani to serve for (lie 
remaining evaluation tests. 

Where the flameproofing treatment is available only in tlie foi-in of 
treated fabric, one 16 by 26 inch sample is taken and u.se<l for ((uiniiipli- 
catc measurements in the 45° and vertical flame tests. It is assunual in 
these cases that the add-on applied to the fabric was close In oplinimn for 
the particular iirocess. A sample of treated fabric approxiimilidv 30 by 100 
inches is required for the remaining tests of a complete evaluation. 

Tendering Tests. Sextuplicalo tensile strength measurements arc car- 
ried out by means of cither the grab or strip test on the Ircatc'd and un- 
treated fabric and also on the treated fabric after it has been exposed to 
the following conditions: 

1. 2 weeks’ storage at 120° F., 85% R.H. 

2 2, 3 and 4 weeks’ storage at 150° F., dry. 

These accelerated conditions are intended to simulate the cxtrenios 
which might be encoiintorod in the course of normal use and storage. Tliey 
were designed primarily for the testing of flamcproofcci fabrics intended 
for use in articles of Army clothing. 
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In addition to tlicse tcnsifo strength measurements^ the effect of the 
tendering conditions upon the flameproof characteristics of the treated 
fabric is also determined by running triplicate 45‘‘-Microburner flame tests 
on specimens which have been exposed to 1. and 2. above. 

Moisture Vapor Permeability. The resistances of both the untreated 
and treated fabrics to the passage of moisture vapor are determined. This 
requires nine 4 by 4 inch specimens in order to determine the specific re- 
sistances of 1-, 3- and 6-Iayer assemblies. The intiinsic resistance is cal- 
culated in each case and the relative permeability of the treated fabric 
expressed in terms of the percentage deviation of its intrinsic resistance 
from that of the untreated material. 

b. Durable Treatments 

Leaching Tests. With Qameproofing treatments which are intended 
to be of a more or less permanent nature, the above tests arc supplemented 
by rather extensive leaching and laundering experiments. Triplicate 7 
by 7 inch specimens of the treated fabric arc subjected to each of the 
following conditions: 

1 30-minutc immersion in distilled water with continuous stirring. 

2 24 hours’ immersion in nmning tap water. 

3. 2 lioiirs’ rotation in synthetic sea water. 

4, 1,3 and G launderings in 0.5% Tgepon-T. 

5 1,3 and 6 launderings in 0 5% G I soap. 

G. 1,3 and 6 launderings in 0.5% G I. soap + 0.2% Na^COa. 

The leacliod or laundered specimens in c.^oh case are .air-dricd, condi- 
tioned for a inininuim of 24 hours in the standard atmosphere and tested 
hv moans of tiio 45'’-]Microburner flame test, notation being made of the 
usual eharacdcrislics of afterflame time, afterglow time ami char area. 

The complcle evaluation procedure outlined in the preceding pages pro- 
vides a fairly (liorough appraisal of the performance of a flameproofing 
agent n.s applied fo (exliie falirics The retardant is ela'^sificd as to the 
inifial nanieproofness produced, the minimum effective add-on required 
and (he effeel on iicrmeability characteri.stics of the fabric Furthermore, 
an insight is gaineddnio the losses of fabric strength or flameproofness 
wiiieh may result u[>on exposure of the treated fabric to extreme.^ of tem- 
jicrature or luimiditv such as might be encountered in tlic cour.se of use 
or storage Finallv, wlien tlic treatment under consideration is of tlie dur- 
able typo, tlic extensive leaching tests indicate the relative resistance of 
the treatment to solubility and ion-cxchangc reactions and the degree of 
alkalinity which the fabric will withstand in laundering solutions. 

If a retardant treatment is intended primarily for use in clothing fab- 
ric.s and, on the basis of the above evaluations appears to very nearly 
satisfy the requirements for an ideal treatment, additional, more specific 
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tests may be employed. Included in this gfoup would be the laboratory 
test for determining the resistance of flameproofed fabrics to excessive 
perspiration. The final decision as to the suitability of a treatment for 
use in articles of Army clothing would rest upon the outcome of a scries 
of practical field tests. In these performance experiments, the treated 
cloth is actually fabricated into garments and worn by men under normal 
and accelerated conditions simulating those which might be experienced 
in the course of actual military operations. Wear tests of this type arc 
intended to determine the length of service which n garment may be ex- 
pected to give, the increase which the added treatment may produce in the 
heat load imposed by the garment upon the wearer or the nature and 
extent of any toxic effects which the flaineproofmg agent may exhibit. 

In the following section on test procedures, the tests employed in the 
laboratory evaluations of flameproofing materials, as well as the 8iipi)le- 
mentary tests suggested, arc described in order to define the conditions 
under which the experimental data presented in later chapters was actu- 
ally collected. In addition, it is hoped that the presentation of these testing 
procedures will aid in the standaitliy-ation of selected methods for use in 
future investigations of flameproofing materials. 

B. TEST PROCEDURES 
1. Laboratoiiy Imphexinations 
Robert W. Litllc 

The cfficicnoy of any compound or mixture as a flnmcproofinR agent may 
be predicted on the basis of its-clicinical and physical properties ami ils 
performance in a number of more or loss fundamental laboratory Ic'sts. 
The final decision as to its effectiveness in eomparison with known and 
tested retardants, however, must he based upon practical flame Lest evalu- 
ations of a fabric to which the agent Ims been applied. It is ai>t)arenl, 
therefore, that the method of applying the flnmoproofing agent to llu' 
fabric is of nearly as groat importance na the flame te.st employed in 
evaluating the treated cloth. The uniformity witii wliich a retardant i.s 
applied and the degree of penetration achieved will greatly influenco the 
perforraancG in subsequent tests and hence prejudice the rating wliicli the 
agent may be assigned in comparison with other flameproofing matci-iala. 
To obtain a true picture of the relative efficiencies of a grouji of flame- 
proofing agents, it is imperative that all the members of the gi'oup he given 
an equal chance through a consistent and effective impregnation tech- 
nique. In the following sections are presented the I’ccoinmcnclcd proce- 
dures for the application of flameproofing agents to teat fabrics on a 
laboratory scale. The apparatus is limited to the simplest typos of labora- 
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tory equipment in order to bo of help to the gi'eatest number of investi- 
gators. Obviously, more uniform and effective applications can be attained 
through the use of small-scale commercial equipment such as a Butter- 
worth padder. However, the exact nature of the treating apparatus is 
secondary in importance. The primary requirement is that the same equip- 
ment and technique be employed in all cases where comparisons of test 
data and relative eflicicncies are to be made. 

a. Single-Bath Applications 

This method of applying flameproofing materials to woven fabrics from 
a clear solution of the retardant is applicable to those agents which are 
soluble in organic solvents as well as to the aqueous solutions of the more 
common water-soluble retardants. 

To aid in attaining uniformity of treatment among specimens which 
are to serve as multiplicates in one of the evaluation tests, a strip of 
fabric is cut which can be processed as a unit rather than treating each 
specimen individually and introducing additional variables into the com- 
parisons. Prior to impregnation, the fabiic strips arc conditioned for at 
least 24 hours at 70° F. and 65% R.H. and weighed, in order to obtain a 
control weight of the fabric for accurately determining the add-on ob- 
tained, The conditioned strips are then soaked for a total period of ap- 
jiroximatoly 5 minutes in an appropriate volume of the retardant solution 
of tlic desired concentration. During the soaking period, the strips arc 
jiasscd twice through a simple hand wringer returning the fabric to the 
liatli each time. The wringer should be set so that the weight of the wet 
ti'cated fabric is just double that of the untreated strip. This constitutes 
a 100% jiickiip and indicates that the treated cloth then contains an 
amount of retardant oxprosbcd in per cent approximately equal to the per- 
centage concentration of the treating bath. The strip of fabric is pa-ssed 
ihrougli the wringer a third time and weighed approximately to check on 
the wet [)ickiip obtained. If the fabric contains too little or too gi’eat an 
amount of retardant, the wringer should be adjusted corresiionclrngly and 
the rcimmersed strip passed again through the rolls. With a little experi- 
ence, tlic wringer can be calibrated and accurately set for a 100% wet 
pickup. The treated strips are finally air-dried and again conditioned for 
at least 24 hours at the standard atmosphere. A final weighing is made to 
obtain the apparent dry add-on of the flameproofing agent. 

In the case of the temporary type of water-soluble retardants, the 
treated fabric is now ready to be tested. With some of the more durable 
treatments, such as the urea-phosphate type, the flameproofing agent is 
applied from aqueous solution as described above but requires subsequent 
curing and washing before the fabric is conditioned and weighed to de- 
termine the add-on. 
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b. Double-Bath Applications 

As described above, strips of the fabric to be treated are cut, condi- 
tionod for 24 hours in the standard atmosphere and weighed. The sainjilc 
strips are then soaked for a period of 5 minutes in an appropriate volume 
of a solution of the first reactant in the double-bath process, being passed 
through a hand wringer twice during the soaking jioriod. The samples are 
then passed between the rolls a third time and weighed to insure a wot 
pickup of approximately 100%. After air-drying, this procedure is re- 
peated using a solution of the second reactant. When several strips of 
fabric are treated simultaneously, a fresh portion of the second solution 
should be used for each sample strip. The treated samples arc then sul)- 
jected to a 16-minutc leach in running water to remove tlic iinrcaeLe<l 
water-soluble salts. After conditioning for a period of not less than 24 
hours the strips are again weighed to determine the diy add-on obtained 
and arc ready to be tested. 

c. Suspensions or Emulsions 

The prepared impregnating mixture is placed in a V-shapod trough 
which is held adjacent to a hand wringer and is conatrnci(‘(l in such a 
manner that the drippings from the rolls run back into the treating bath. 
A bar or roller at the bottom of the trough servos to hold tlio fabric im- 
mersed while passing through the bath. Strii^s of fabric, which iiave been 
conditioned and weighed, arc drawn slowly through tiic rcLardanl mixliii’o 
by means of the hand wringer, the rolls of wliieh have been set aceonling 
to the add-on desired, With emulsion and susi)en.sion appliealions il is 
often more desirable to adjust the final add-on by varying (ho pressure 
of the wringer rolls ratlicr than changing the ooneentralion of the l)a(h 
For this reason the desired wet pickup may be other Ihan 100% Tii nnv 
case, the pressure to bo applied in wringing mu.st bo (Icloi’inined l)v ex- 
perimentation and it is well to determine the coi-rcctncss of (he pressure' 
used by wcigliing the wot strips as they leave the wringer. 'Plie slrijis of 
fabric are passed through the bath and wringer three conseeulivi' limes, 
nir-dried to remove the bulk of the volatile organic materials, and finally 
dried in an oven at 100“ C. for 10 minutes to remove the last (races 
solvents. After conditioning for a 24-hour period in tbe standard alnios- 
phcrc and weighing to determine the dry add-on obtained, the treated 
fabric is ready to be cut into specimens and tested. Tbe same trough and 
general method of treatment can be used in the application of rosin coat- 
ings to flameproofed fabrics. In this case, however, a single pass through 
a dilute resin solution is sufficient. 

There are many types of flameproofing agents which require special 
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application techniques and cannot be applied by the methods outlined in 
the preceding sections. In general, however, the majority of the better 
flame- and glow-retardant treatments may be applied to fabric by one 
of the techniques described. The fundamentals of these laboratory meth- 
ods of impregnation closely resemble the type of processes which can be 
handled on commercial apparatus currently existent in the textile indus- 
try. Flameproofing treatments which require very special equipment and 
techniques for application to the fabric may not be exploited because of 
the scarcity of special large-scale equipment of a similar nature in the 
finishing plant. 


2. Flame Tjssts 
Robert W. Little 

In any study of the characteristics of flameproofed textiles the flame 
test employed in evaluating the flame- and glow-resistant characteristics 
of the fabric is of the utmost importance. The selection of a proper test 
procedure must be based upon a careful consideration of the type of fabric 
being used, the nature of the flame exposure to which it may be subjected 
in the course of service, and the requirements as to flameproofness which 
the treated fabric is expected to meet. 

It is essential that the investigator be aware of jii.st whnt property of 
the treated fabric he is desirous of evaluating. In the ca.se of treated fab- 
rics which are flame resistant, but might not be classified as truly flame- 
proofed, the characteristic to be measured may be the inflammability or 
ease of ignition. It may be. on the other hand, that the most intcresfing 
property is not tlie ease of ignition, but rather the rale at which the 
fabric burns once ignition has boon nccomplislicd This might be termed 
combustibility. ^Vitli cfTiciontly treated materials the properly to lie tested 
would be the general flameproofness of the fabric. The requirements of a 
test for quantitatively determining relative flamoproc)fne>‘>, inflammabil- 
ity or combustibility would be very different in each case. 

Considering the flame tests commonly cmiiloycd in the testing of flamo- 
proofed fabrics, tlic observations recorded serve to estimate the dcgrarla- 
tion suffered by the specimen through three different mechanisms. Tlie 
char area or char lengtii measurement serves as an index of the total 
damage suffered by the fabric, while in contact with the igniting flame 
and also resulting from extended afterflaming or afterglow. Tlic time of 
afterflaming in seconds is a measure of the extent of decomposition caused 
by autocombustion after the igniting flame has been extinguished. Finally, 
the duration of afterglow serves as an estimate of the damage suffered 
through oxidation of the charred residue and adjacent fabric once all 
flaming has ceased Which of these flameproof characteristics is considered 
to be the most important will largely govern the selection of a proper 
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flame test and will be dependent upon the end use and performance re- 
quirements of the fabric being considered. It cannot j)e emphasized too 
strongly that the selection of the proper test apparatus and procedure is 
dependent upon the anticipated use of the fabric and the requirements to 
be satisfied. A flame test which is too severe or too mild may give an 
entirely erroneous picture of the- relative efficiencies of flameproofing 
agents for a specific application. 

A great number of laboratory burning tests have been developed for 
estimating the relative flame and glow resistance of flamoproofed fabrics. 
For a complete picture of the tests developed and the details of their ma- 
nipulation the reader is roferi’ed to the technical, trade, and patent litera- 
ture on the subject.®' ® An attempt will be made in the following pages to 
present a brief outline of the best of the available tests, emphasizing those 
which show special merit and appear to be most widely applicable. 


a. Tests for Relative Inflammability 

Under the pressure of current legislation in the state of California and 
impending federal legislation, this test has recently been developed by a 
special subcommittee of the American Association of Textile Chemists and 
Colorists. This committee on Flammability of Consumer Textiles was 
charged with the responsibility of developing a lest method and apparatus 
which would servo to measure the relative inflammabilities of consumer 
fabrics and hence afford a means of dilTorcnliation between hazardous and 
non-hazardoua fabrics. The definition of a given flaming tunc in seconds 
as signifying a dangerously inflaminablo faliric is obviously a clifliculL and 
responsible task and one whicli would require the careful comparison of 
test data obtained cooperatively by many different operators. This cor- 
relation work is still in progress and lienee the final details of. tlio Lest 
method and pcrforraanco requirements Imvc not yet been statod 'flic lest 
is unique at the present time, however, and warrants prcscnLatioii as far 
as the details have been established. It is readily apparent that a (csl of 
this type would not be applicable to the testing of truly (lamcproofed fab- 
rics. It is primarily intended as a means of differentiating lictwccn various 
untreated fabrics, classifying them as soincwliat hazardous or highly 
hazardous based upon their burning characteristics. 

A.A.T.C.C. Flammability Test. The apparatus as it now stands is 
shown in Figure 1. It has been developed to be completely automatip, 
eliminating nearly all the pcmonnl error attributable to the operator. The 
specimen rack is adjustable in order to compensate for the differences in 

2 "The Fireproofing of Textiles.” Research Rept. of Textile Research Institulp, 
Inc. (July, 1043). 

® "Recommended Requirements for Flameproofing of Textiles.” National Firo 
Protection Assoc., Boston, Mass. (1941). 
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fabric thickness. A specimen shield is provided to hold the test specimen 
flat on the rack and prevent curling once flaming begins. The shield at 
the same time eliminates any possible edge effects by covering the cut 
edges of the specimen. 



CoHitesy of /Imencan /Issocialton of Textile Chemist: and Colorists. 

figure I A.A.T.C C. Flammabjijty Tester 


A. DnifL-pi'oof cliiimber with adjustable 

top, 

B. .Siiofimcn niclc, fixed at an angle of 

‘15®, consisting of a <1 by 7 inch 
fniinc'Woik laced horizontally with 
licnt-Lninsiiiitting wire. 

('. .Specimen .shield which covers all but 
a 1.5 by 0 iiicli strip of tJie test 
specimen 

D. Indicating finger, by means of which 
tlie thickness of tlie sample is com- 
jienaatod for in the throw of the gas 
nozzle. 

F Ga.s nozzle. 


0. Slop cord which detenninos vertical 

flame height. 

H. Guide for stop cord. 

1. Stop weight, clipped to cord. 

J. Control foi holding sliding door open 

K. Slide door (shown in end view) nor- 

mally slides in the gioo\es at the 
front of the cabinet 

L. Fuel control valve (used in conjunc- 

tion with a flowmeter). 

M. C.P. Butane container. 

N. Stop watch and timing mechanism 

O. Starting lever. 

P. Cord supply. 


Quintuplicate specimens, 2 by 6 inches, are cut from the fabric being 
tested, 6 being cut parallel to the warp threads and 5 parallel to the filling. 
These arc dried in an oven for 15 minutes at 105® C. and cooled in a 
desiccator for at least 3 minutes. The desiccator contains anhydrous cal- 
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cium chloride along with cobalt chloride to indicate the efficiency of the 
desiccant. Specimens are tested immediately upon removal from tlic desic- 
cator and the data recorded as to the time in seconds which elapses from 
the moment the flame contacts the fabric until the apex of the flame 
reaches a plane horizontal to the top edge of Uic specimen. Bringing the 
starting lever over to the extreme right and releasing it starts the timing 
mechanism which appli(^ the flame to the fabric for the 1 -second jioriod 
of exposure. The timing is automatically rccowlcd by llio watch, starting 
when the flame first contacts the specunen and stopping when the flamo 
reaches and burns the fine thread across the top of the si)ecimcn. 

Just what flaming time is to bo considered as the domarkation lino be- 
tween acceptable and dangerous fabrics will necessarily be dependent 
upon the outcome of the extensive correlations now in progress. 


b. Tests for Relative Combustibility 

Still considering treated fabrics which arc flame resistant but do not 
possess sufficient flame retardancy to prevent combustion once ignition has 
been accomplished, tests have been developed to determine the relative 
burning rates of fabrics. This type of lest is a valuable tool in tlie imu-e 
fundamental studies of flameproofing agents. It enables one to malto cIomi 
comparisons between the relative ofliciencies of various ti'oatmenls hy 
studying the burning characteristics of low add-on fabrics. 'Plui sensitivilv 
of the test is such that the effect of sizing alone on the iiurning rate of 
the fabric may be clearly indicated. 

Flame-Rate Test. This tost for measuring the rale of name projiaga- 
tion of a burning fabric was developed in the course of llu’ (‘\)>criniciilul 
work of the flameproofing project at Columbia UmvcM-sily undci’ N KC 
Project Q.M.C. #27. No special apparatus is rcriuired for carrying out- 
the test though a convenient cabinet could easily be designed 

A 2 by 30 inch strip of the fabric lo bo tested is nini'kcil off m 5 inch 
intervals and suspended from a wire by means of small niiMn! clips jilacuil 
at 2.5-mch intervals along the entire length of tiic Hijofiinm. 'I’lu! win' ih 
held taut at an angle of 30" to the horizontal and llui fabric surface lica 
in a vertical plane. The entire apparatus must be cnclosi'd in a (Irnft-prnor 
hood. The fabric is well ignited at the lower end liy nic'una of a mutch 
or Bunsen burner and notation made of the time required for the Ilium' 
to travel each 6-inch intcn^al. The time is not recorded for (hr Di-hI in- 
terva since burning begins erratically and becomes .steaily during llu.. 
period. Similarly, the time for the last 5-inch intcrvnl is not very depeud- 
able since the burning often becomes erratic at the cud of IJiG strii) By 
plotting length m inches against time in seconds and Inking the slope oV 
second^’ *^unimg rate of the fabric is expressed in terms of inches per 

It IS convenient to cut the test strips parallel In the filling threads though 
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specimens may be taken with waip or filling as long as they are cut con- 
sistently in the same direction of the fabric. In some cases where one sur- 
face of the cloth varies radically from the other, as with the brushed pile 
type of fabric, it is desirable to suspend the test specimen with the fabric 
surface in a horizontal piano. This is readily accomplished by supporting 
the strip between two parallel wires. A convenient method of attaching 
the fabric to the wires is by means of an office stapling machine. Tlie wire 
staples are driven loosely into the edge of the strip such that one arm of 
the staple clamps into the fabric and the other arm remains free to be 
threaded on the supporting wire. The versatility of the test is enhanced 
by the ability to vary the angle of inclination of the test strip, When inter- 
ested primarily in fabrics of veiy low combustibility the specimen may be 
inclined at an angle approaching the vertical. With highly combustible 
fabrics, on the other hand, the test strip may be inclined at angles only 
slightly removed from horizontal. Obviously, for any given set of com- 
parative tests, the angle of inclination should be held constant.' 

Q.M.C. Flammability Test.* This test as employed at the Philadel- 
phia Quartermaster Depot requires a test specimen 1 by 6 inches. 

The apparatus consists of two metal frames resembling miniature lad- 
ders which are hinged together at their upper ends and su])ported from a 
ring stand at an angle of 30® to the horizontal. The frames arc 8 inches 
by 1.26 inches, the cross rods being 1.5-inch lengths of No. 28 heat- 
resistant wire. 

The specimen is clamped between the two frames with 0 25 incli of the 
lower end hanging down from the frame end. Ignition is accom]3]i^llccl by 
holding a safety book match to this lower end for 5 .seconds NotiUion is 
made of the time required to burn the 6-inch strip including the 5-.«;cconcl 
ignition period. In the event that the specimen is not consumed, tlie length 
of the cluarrod area is taken as the measure of “flammability.” The results 
are expressed in the following manner: 

“N” seconds or 

“Supports combustion,” extinguished after “N” seconds; “x” char length 
or 

“Docs not support combustion”; “x” char length. 

This test does not provide the sensitive differentiation of the foregoing 
test but is convenient for some applications. In general the use of sup- 
porting wires across the test specimen introduces inconsistencies into the 
results due to the heat taken up by the wires themselves. 


c. Tests for Relative Flameproofness 

A great many different flame tests have been developed for determining 
the relative efficiencies of flameproofed fabrics. The tests differ from one 

<‘'Test Methods for Textiles.” PQD, No. 447A (Jan. 10, 1046). 
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another with respect to the test oabinctj size of sample, alignment of the 
test specimen, nature of the heat source, duration of exposure of the heat 
to the fabric and the observations recorded. Some of the available tests 
are valuable for certain specific uses but are not generally applicable to 
the over-all problem of flameproofness. Others are almost universally ap- 
plicable to the testing of flameproofcd fabrics but do not emphasize one 
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Figure 2. Various flamo sources employed in testa for relative flameproofness 


characteristic sufficiently to be desirable for very specific applications. A 
few of the better-known flame tests, which are representative of the sev- 
eral types, are presented in the following pages. A brief description of 
apparatus and technique has been given in each case. With the more or 
less standard tests the reader is referred to the literature cited for the de- 
tails which have been omitted. To assist in describing the means of ignition 
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in the several tests, the more common flame sources are presented pictori- 
ally in Figure 2. 


(1) Vertical Specimens 

Underwriters’ “Flammability” Test.® The apparatus consists of a 
sheet iron stack, 12 inches square and 7 feet high which stands on legs 1 
foot off the floor. The test specimen, which is 7 feet long by 6 inches wide, 
is hung from a bar at the top of the tube such that its bottom edge is 5.75 
inches above the top of a 0.376-inch Fletcher burner. The burner flame is 
adjusted to a height of 11 inches by varying the air intake, maintaining a 
gas pressure of 108 mm. of water. The specimen is exposed to the flame for 
a 2-minute period and the time of ignition and time of cessation of flaming 
and glowing recorded. Also a measurement is made of the distance from 
the tip of the flame to the top of the charred area. 

The test as described has several limitations. The test specimen is not 
held securely in place during the test and hence moves about as flaming 
progresses. The teat is by necessity limited in its applicability as a research 
instrument because of the space required to house the apparatus and the 
amount of material required for the test specimens. 

Freeman Stove Pipe Test.® The apparatus in this case consists of a 
6-inch brass tube, 24 inches long, which is lined with asbestos paper. The 
tube is ventilated by means of eight 0 75 by 1.50 inch vertical slots at the 
bottom. Six 24 by 3 inch specimens are tested simultaneously by hanging 
them at regular intervals from a rack at the top of the tube. Ignition is 
accomplished by burning I oz. of excelsior inside the base. Relative per- 
formance is baaed upon the per cent of the initial weight lost. 

A modification of this test has also been proposed® in which the igniting 
flame is that of a 6-inch radial Fletcher burner adjusted to a height of 
4 inches. In the modified test only throe specimens are tested at one time 
and the exposure time is reduced to 15 seconds. 

Due to the severity of tlie conditions of this type of test, most flame- 
proofed fabrics are almost completely destroyed and thus there is little 
opportunity for differentiation between various treatments. In addition 
the deterioration in terms of per cent loss in weight depends too much upon 
the weight and weave of the fabric used 

Vertical-Bunsen Burner Test. The test cabinet consists of a sheet- 
metal shield 12 inches wide, 12 inches deep and 30 inches high, open at 
the top and provided with a vertical sliding glass door. A space is left at 
the bottom of the front to permit manipulation of the gas burner used in 
igniting the specimen. 

“"Recommended Requirements for Plameproofing of Textiles.” Nat’l. Fire Pro- 
tection Assoc., Boston, Mass. (1941). 

® Trorw. Am. Soo. Meek. Erx^r,, 27, 71 (1006). 
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With each sample of flamcproofcd fabric, ten 2 by 12.5 inch specimens 
are cut for tost, five with their long dimension in the direction of the warp 
and five in the direction of the filling. The simciinen being tested is sus- 
pended vertically from the top of the cabinet by means of a clamp which 
covers the upper 0.6 inch of the length. The lower edge of the specimen 
is adjusted to be 0.76 inch above the top of a Bunsen or Tirrill gas burner. 
The burner has a tube of 0.375-inch inside diameter and the flame height 
is regulated to 1.6 inches with the air supply completely shut off. The 
resulting flame is luminous and wavering. 

The flame is applied vertically in the middle of the lower end of the 
specimen for 12 seconds, then withdrawn and the duration of afterflaming 
in seconds is noted. The specimen remaihs in place in tlic cabinet for the 
duration of any afterglow and the length of the charred portion is then 
measured. This is accomplished by inserting hooks in the lower portion 
of the specimen, one on each side of the charred area, s\ipporling a given 
weight on one hook and slowly raising the other. The char length is defined 
as the distance from the lower edge of the specimen to the extremity of 
the tear produced. 

The criteria of an effectively flamoproofed fa])ric by this Lost are that 
the specimen shall not show more than 2 seconds’ afterflaming, the average 
length of char of the ton specimens shall not exceed 3,5 inches, and the 
maximum length of char for any one specimen shall not be greater than 
4.5 inches, 

This test is quite widely used and, with minor difforenres, is llic test 
employed by the U. S. Bureau of Standards/ the National hire Protoclion 
Association,® U. S. Government Agencies,*' American Socioly f(u' 'r('st- 
ing Materials, “ and tlic National Rescnrcih Council of Chinadu.'''-’ The 
cabinet specified by the Bureau of Standards is U inches wido ratlior limn 
12. As employed at the Philadelphia Quartcrmaslor Depot, tlic apimralus 
includes a sample holder which clamps the specimen prevoniing curling 
and wavering during the tost. In addition, tlic siiccimcns arc removed from 
the test cabinet when afterflaming has ceased and hung on a spc'cinl wire 
rack throughout the afterglow period, Both the cabinet and the aflcrglow 
rack arc kept in a draft-proof hood. The method and apparatus of tlic 
Canadian National Research Council differ from the above method in 

7 “Flftmoproofing of Toxlilo.'i” fi, P Dp(,wcilor, .Tr.— Lotln- Circular No /107— 
Nat’l, Bur. St'ds. (193G). 

®Duck, Cottonj Firo, Water and Weather Rosislant Fed Sr»‘e CCC--]>-7'16 
(Feb. 17, 1939). 

®''Te.st Methods for Tcxlilng." P.Q.D No. 'l‘I7A (,Inn Ifl, IMG). 

QunrtGrinasler Corps, Teat. Spcc.—JQ.D, No 242 (Dec. 2, 1942), 

"Tentative Speciftcalioas for Fire-Retardant Properties of Treated Textile 
Fabrics.” A.ST.M. Standards on Tcj^tile Materials. 

“Schedule of Methods of Testing Textiles.” Canadian Gov’t. Purcliasing Stand- 
ards Comm.— No. <l-GP-2-1042 (Oct. 16, 1040). Amended Jan. 10, 1042. 
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two important particulars. The cabinet does not have a glass door on the 
front, both the top and front being open. Furthermore, in addition to the 
aftcrflaming time and char length, attention is paid to the occurrence of 
any flashing of the sample upon contact with the flame and the time of 
afterglow is measured. 

The Vcrtical-lBunsen lost possesses many advantages, among them be- 
ing the simplicity of operation, small specimen required and the small 
flame which helps in attaining reproducibility. It also, however, suffers 
from several disadvantages, some of which can be obviated rather easily. 

In tlic early work of the N.K.O.-Q.M.C. Flameproofing l^rojeet at Co- 
lumbia University, a Flame Test Cabinet was developed in which vertical, 
horizontal and 45° flame tests could be carried out {see Figure 3). In ad- 
justing the Vortical-Bunsen test to this cabinet as a research instrument 
for use on flame-proofed clothing fabrics, several of the previous disad- 
vantages were avoided. A small pilot light was attached to the burner 
which lu’ovidcd instantaneous ignition and more accurate timing of the 
ignition ]icriod. Furthermore, it eliminated the necessity of moving the 
burner into jiosition each time. The burner was fixed permanently m po.si- 
tion in the caijinct which greatly improved reproducibility, As an addi- 
tional aid in maintaining a constant adjustment of specimen and burner, 
the lower oorners of the test strip were anchored to the floor of the cabinet 
by means of rubber bands or light wire springs. These could be easily 
clipped on tlie faliric and held it quite firmly in position without excess 
tension on the specimen. The cabinet itself was covered on top leaving a 
ventilation liooil, and the opening at the front was replaced l)y a series of 
0.5-ineh hoic.s along the bottom of each side. This provided adequate ven- 
tilation but avoided undesirable drafts. The extremely wavery luminous 
liiinsen llaine necessitated roclueing the open spacc.s m the ealiinct in so far 
as i)o.ssil)!c. All test specimens were conditioned for at least 24 hours in 
tlic standard atmosphere of 70® F. and 65% R.H. and it is believed that 
this slioiild be one of tiie required steps in all flame test procedures. Since 
the clothing falirics being tc.sted were generally cfiiciently flameproofed, 
the siiecimons were allowed to remain in the test cabinet throughout the 
afterglow |)ci-ioil. This has been found to lead to more consistent and 
dependable data wliotlier the actual time of afterglow is considered or 
not In the belief that afterglow occurring in the clothing could be equally 
as dangerous as aftcrflaming and much more diflicult to extinguish, the 
lime of afterglow in seconds was observed along with the aftcrflaming time 
and length of char. The criteria of flameproofness assigned to the Co- 
lumbia tests were that the treated fabric exhibit no nfterflaming, less than 
4 seconds’ afterglow, and a char length not greater than 3,6 inches. These 
requirements as to the performance of the specimen in the flame test are 
obviously dependent upon the weight of the fabric, the type of treatment 
desired, and the use for which the fabric is intended. 


Figure 3. Columbia Flame Test 
Cabinet. 

A. Side view, showing pyrcx-glass 
doors in place, control valves and 
reservoir-manometer system for 
maintaining constant gas pressure. 



B. Front view with sli{ling <liK)i>t 
removed showing vcrLinal mid 45° 
test specimens in position for 
testing. 


.4 
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In comparison with 45* and horizontal tests, the alignment of the test 
specimen in the vertical direction produces those test conditions which 
are the most severe with respect to afterglow. Many treated fabrics which 
display no afterglow in' the horizontal or 45* tests show a relatively strong 
afterglow when subjected to the vertical test. In contrast, the Vertical- 
Bunsen test shows the least tendency towards afterfiaming when testing 
efficiently flameproofed fabrics. It is therefore apparent that, though it 
may have universal applicability, the Vertical-Bunsen burner flame test 
is of particular value in those cases where afterglow is the flameproof 
characteristic of primary interest. 

(2) Horizontal Specimens 

Corps of Engineers — “Flame-Resistance” Test.^® No specific test 
apparatus is described in the specification though it is stated that “the 
test shall be conducted in a hood or enclosed space so that the test shall 
not be affected by drafts.” 

Two 9 by 6 inch specimens of the impregnated fabric are conditioned 
for not less than 24 hours in the standard atmosphere and immediately 
tested. By means of a testing frame (which is not described) the specimen 
is supported in a horizontal position with the center of the specimen 3 
inches above the lip of the cup containing the fuel. The igniting flame is 
obtained by burning 0.3 ml. of anhydrous ethyl alcohol (absolute) in a 
flat-bottomed brass cup. The brass cup is constructed of % 2 -iiich sheet 
stock and is ^Yiq inch in outside diameter and %2 high. A material 
of low heat conductivity such as cork is used as a base for the test cup. 
The test sjiecimen remains in position until afterglow has ceased. With- 
out removing the specimen from the testing frame the charred area of the 
fabric is removed by punching a hole in the char and running a pencil 
around the inside of the hole with slight pressure on the sides. A measure- 
ment is then made of the longest dimension of the resulting hole. The re- 
quirement of flame resistance is that the average size of the burned hole 
shall not exceed 2.5 inches. 

Apparently no attention is paid to the duration of either afterfiaming or 
afterglow. The test was designed for a specific purpose and is limited in 
its applicability. 

Horizontal-Microburner Test. In designing the cabinet for the test- 
ing of flameproofed fabrics under the Columbia University fiameproofing 
project, a rack was designed which enabled the use of horizontal speci- 
mens and the microburner flame. In the photographs of the Columbia 
Flame Test Cabinet shown in Figure 3, the supporting strips for the 
horizontal rack can be seen along the sides of the cabinet in Figure 3-B. 

Corps of Engineers, Tentative Specification— “Compound, Flame Resistant, 
Emulsifiable, for Fabrics.” E.B.P. No. 674 (June 29, 1944). 
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Both the apparatus and test procedure for this test are identical with 
those of the 45°-Microburner test described in the following section, the 
only differences being the use of a different supporting rack to hold the 
specimen frame and the placing of the specimen such that the flume im- 
pinges on the center of the test piece. 

Placing the specimen in a horizontal position produces test conditions 
which are the most severe with respect to afterflaming. The prevention of 
the removal of combustible decomposition products by any natural draft 
greatly intensifies the tendency of the fabric to flame after the igniting 
flame has been extinguished. In many instances fabrics which exhibit no 
afterflaming tendencies in the vertical and 45° tests show several seconds’ 
afterflaming when tested horizontally. This testj therefore, is much more 
sensitive to minor differences in afterflaming tendencies and would be 
preferable for those applications where the flameproof characteristic of 
primary interest is the relative resistance of the treated fabrics to after- 
flaming. The tendency of fabrics to afterglow when tested horizontally is 
not nearly as great as in the case of the 45° and vertical tests. For (his 
reason, in cases where the resistance to afterglow is felt to be of primary 
interest or equal in importance to the afterflaming tendencies, tlie hori- 
zontal test would be less desirable than one of the other two. 

{S') 45° Specimens 

British Standards Institution Test.^'* The apparatus consisls of a 
wire grid which is stretched on a C.5-incli scjuarc iiielal frunic ainl i-cstcd 
on vertical supports at an angle of 45 degrees. The igiii(,iiig flaitio is ])r()- 
duced by burning 0.3 ml. of absolute ethyl alcohol in a .small niclal cup. 
The cup is identical with that previously dcscrilK'd under (lu* horizontal 
test of the Corps of Engineers. In this case, the cup is suppoiictl on a 
cork such that the center of its base is 1 inch vertically ludow the center 
of the lower fabric surface. 

A 6 by 6 inch specimen is spread over the wire grid ami exposed to the 
alcohol flame which generally lasts for 45 to 50 sc(;ond.s. A r(‘coi-(l is made 
of the afterflaming and afterglow times following tin! extinction f)f Die 
igniting flame and the extent. of the char is measured. I'lic! reciuircincnt 
for a well-treated fabric is that it shall not char for a lengili greater tlinn 
2 inches. 

Canadian Surface Burning Test.^“ This is essentially an improved 
modification of the British Standards Institution 1'est. The apparatus and 
procedures arc essentially the same as those described above with the fol- 
lowing modifications: 

The test specimen is 6 by 7 inches and is fastened to a metal frame 
such that a 6 by 6 inch surface is exposed. The sample is clamped at the 
British Standards Specification 476 (1932). 
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four corners and is in contact with the metal frame on only two sides. The 
entire 6 by 6 inch square is open to the flame and is not in contact with a 
wire screen. Furthermore, the test is carried out in a three-sided sheet 
metal screen, 10 inches wide, 10 inches deep, and 32 inches high, thus 
affording some protection from drafts. Three specimens are cut from each 
sample to be tested and classified according to the afterflaming time, after- 
glow time, and char dimensions under one of the three following cate- 
gories: non-inflammable materials, materials of very low inflammability, 
and materials of low inflammability. It should be noted here that after- 
glow which is confined to the charred area is disregarded in this test. 

45'’-Microburner Test. The Flame Test Cabinet developed by the 
personnel of N.R.C. Project Q.M.C. #27 at Columbia University is pic- 
tured in Figure 3. The wooden cabinet is 12 inches wide, 12 inches deep, 
and approximately 25 inches high by inside dimensions. The front of the 
cabinet is completely closed by means of two vertical-sliding pyrex glass 
doors. Ventilation is afforded by means of the 0.5-inch holes along the 
bottom of each side and the 6-inch hooded vent in the top. The micro- 
burner is securely fastened to a square wooden block which is set in a 
fixed position in the cabinet. Notched metal strips screwed to the sides of 
the cabinet serve to keep the specimen racks in constant alignment with 
the burner. Two sets of these strips are used, one to support the rack for 
the 45°-Microburner test and the other for the shorter rack of the hori- 
zontal test as described earlier in this section. The gas to be supplied to 
the microburner is held at a nearly constant pressure by means of the 
reservoir shown. The water manometer indicates the relative gas pressure 
and when at an angle of 15° to the horizontal is maintained at approxi- 
mately 22 mm. A small pilot light is permanently attached to the micro- 
burner and avoids moving the heat source once the specimen is in position 
for test. 

Three identical specimens are prepared for each mca.'^iircment, being 
conditioned for at least 24 hours at 70° F./65% R.H. before testing. A 
7 by 7 inclj test siieciracn is placed smooth side up in a 5.5-inch square 
metal sample holder similar to an embroidery frame. The sample is placed 
at an angle of 45° in the metal rack which is positioned so that the lower 
part of the fabric directly above the microburner is 0.75 inch above the 
top of the burner. The center of the burner is 1 inch horizontally from the 
edge of the lower metal strip holding the sample. The microburner flame, 
previously adjusted with a slight yellow tip to a height of 1.75 inches by 
means of the needle valve in the gas supply line, is applied to the smooth 
side of the fabric near the lower edge for a period of 12 seconds. The 
specimen remains in position in the cabinet throughout the afterglow 
period. The data recorded include the duration of afterflaming and after- 
glow in seconds and the charred area as measured with a planimeter. 

Investigation has shown that, for all practical purposes, it is immaterial 
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whether the flame burns in the direction of the warp threads, in the direc- 
tion of the fill threads, or at 45“ to both as shown in the illustrations. It 
has recently been found, however, that the charred area can be most con- 
sistently measured by tearing the charred portion similarly to the prac- 
tice in the Vertical-Bunsen test. This is accomplished by cutting a small 
cross in the char directly above the burner and carefully tearing the char, 
once in the direction of the filling and once parallel to the warj) threads, 
pulling against a standard weight hooked into the fabric. The torn charred 
area is then defined by connecting the four extremities of the tears using 
a soft red pencil and following the general shape of the total darkened 
area. When the torn charred area is to be measured, the specimen should 
be aligned in the cabinet so that the flame bums in the direction of cither 
the warp or the filling. 

The Columbia Test Cabinet incorporates several advantageous features 
which afford a simpler and more reproducible test procedure and also tend 
to give a greater degree of precision in flame test measurements. The addi- 
tion of pilot lights avoids the use of matches or other methods of ignition 
and leads to more accurate timing of the ignition period. In addition, the 
sample and burner are in constant alignment which contributes greatly to 
the reproducibility of data. The closed cabinet is practically draftlcss and 
yet possesses good visibility and adequate ventilation to insure a good 
supply of air. The reservoir and manometer system on the gas-inlet litu' 
to the microbumer could undoubtedly be improved upon but some siniilar 
measure should be taken to insure a fairly constant gas supply to (Ik! 
burner. The entire apparatus is compact and in one piece ])ermil,iing it f.o 
be moved from one place to another without requiring extensive r(!ad- 
justment. 

The microbumer flame has many advantages over the luminou.s BiinHcm 
flame. Being non-luminous, the flame of the microbumer burns much more 
steadily and vigorously and is not affected by slight drafts. The Bunsem 
flame, in contrast, wavers with any air current and may ])c blown com- 
pletely away from the test specimen by a moderate draft. Tlio l.(‘inf)era- 
ture of the microbumer flame at the point of contact with the fabric is 
quite constant remaining at 823 ± 11“ C. over a period of weeks. This will 
be dependent of course upon the uniformity of the particular gas Biqiply 
used. The temperatures of the two flames are actually very similar at the 
point 0.75 inch above the top of the burner as illustrated in Figure 4. 

It^ has been pointed out previously that the flame tests in which the 
specimen is aligned in a vertical position arc the most severe witli respoca 
to afterglow. Similarly, placing the test specimen in a horizontal r)osition 
tends to intensify the afterflaming tendency of the fabric. As might be 
expected, fabrics tested by means of a 45“ test exhibit afterflaming tenden- 
cies midway between the vertical and horizontal tests and afterglow tend- 
encies more severe than the horizontal test but not as extreme as when 
suspended vertically. Consequently, in choosing a flame test for universal 
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applicability, wherein the characteristics of afterflaming and afterglow 
are weighted equally in importance, it would be advisable to use the 45* 
compromise which does not exaggerate either the flaming or glowing 
tendencies. If, for a particular application, the resistance to afterflaming 
is the characteristic of major importance, the 45* test should be supple- 
mented by measurements using the horizontal test. If the afterglow is of 



M/cffoau/iNefi Bunsbn 

Figure 4. Compurative temperatures of Microburner 
and Bunsen burner flames as employed in standard 
flame te.sts. 

major importance and the afterflaming a secondary requirement, the 
45® test should be supplemented by parallel determinations with the ver- 
tical test. Regardless of the requirements to be met, considerable experi- 
mental data have clearly shown that the 45* test produces much better 
reproducibility and allows a wider differentiation between the relative 
efficiencies of comparable flameproofing treatments. 

3. Fabric Strength 
Robert W. Little 

Of primary importance in the evaluation of a flameproofing treatment 
or flameproofed fabric is the measurement of the effect which the treat- 
ment has upon the strength characteristics of the cloth. A retardant treat- 
ment, regardless of its efficiency in the prevention of afterflaming and 
afterglow, would be quite unsatisfactory for any practical application if, 
in the course of the treatment or use of the treated fabric, the strength was 
seriously impaired so as to render the fabric unserviceable. For this reason, 
the tensile and tear strengths of the fabric are generally determined before 
and after the application of the flameproofing treatment and also after 
exposure of the treated materiarto surveillance and permanence tests. 

The selection of a test apparatus and procedure to be employed is rela- 



Figure 5. Pendulum type ten.si]f! Ln-sling niacliines. 


ilejt) Scott Model J showing falnic clamps and aiiLographic recorder. 

(right) Suter tester equipped with skein rollei-s. Tlicse may be replaced by fabric 
clamps and an autographic recorder can bo attached. 


for the details which may be omitted from the following discussions.''^”^® 
Of the two general types of textile testing machines for the determina- 
tion of the breaking strength and elongation of textiles/'' i.e., the pendulum 


^®A.S.T.M. Standards on Textile Materials (1944). 

Textiles, General Specifications, Test Methods — Fed. St’d. Stock Catalog, Sect. 
IV, Part 5-CCC-T-191a (April, 1937). 

^’Standard Specifications for Textile Testing Machines — A5.T.M. Designation 

D7fi^2. • 
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type and the constant specimen-rate-of-load type, the former is perhaps 
more widely used and will be considered in this discussion. Typical exam- 
ples of the industrial machines available are the Scott and Suter Testers 
shown in Figure 5. Several different models of this type of instrument are 
available, varying in capacity and design, in many cases having been 
developed for a specific fiber or fabric. 

The strength characteristics of a fabric which are of major interest are 
the breaking strength, the elongation and the tear strength. 

a. Breaking Strength 

Grab Method. The distance between the clamps at the start of the 
test is exactly 3 inches. The face of one jaw is 1 by 1 inch square and that 
of the other jaw 1 by 2 inches or more, with the longer dimension perpen- 
dicular to the direction of application of the load. 

The test specimens are cut 4 inches in width and not less than 6 inches 
in length. Quintuplicate specimens are used for determining warp break- 
ing strength which have the longer dimension parallel to the warp yarns. 
An equal number are cut with the longer dimension parallel to the filling 
threads for determining the filling strength. 

The specimens are placed symmetrically in the clamps with the longer 
dimension parallel to the direction of application of the load, care being 
taken to sec tliat the same yarns are gripped in both clamps. The average 
of the five individual specimens shall be reported as the warp or filling 
breaking strength. Individual results which fall appreciably below the 
average arc discarded as are the results of tests in which a jaw break or 
slippage is apparent. 

Raveled-Strip Method. With the following exceptions, this test is 
carried out in tlic same manner as described for the grab test: 

The faces of tlie jaws, in this case, measure 1 by 1.5 inches or more, 
the longer dimension being perjicndicular to tlie direction of application 
of the load. Test specimens are cut 1.25 or 1.5 inciics in width, depending 
upon the number of threads j)er inch, and raveled to a width of exactly 1 
inch by removing approximately the same number of threads from each 
side. 

Cut-Strip Method. This test is performed just as described for the 
Ravcled-Strip test with the exception that the specimens are cut to a 
width of 1 inch rather than cutting wider and raveling to that width. The 
test is applicable to those coated or impregnated fabrics which would be 
difficult or impossible to ravel. 

b. Elongation 

Using testing machines as described above, which include an au- 
tographic recording device, the elongation of the fabric can be determined 
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at the same time that the breaking strength measurement is made. The 
elongation at any stated load can be obtained from the graph and the 
average of the five specimens expressed as elongation in terms of per- 
centage increase in length. 

c. Tearing Strength 

Tongue Method. Using the same machine as described for the method 
for breaking strength, the pawls of the pendulum are disengaged from tlic 
ratchet. 

Quintuplicate specimens, 3 inches in width and at least 8 inches in 
length, are cut in both the warp and filling directions. A 3-inch longi- 
tudinal cut is made from the center of one of the short edges and running 
lengthwise of the specimen. One of the tongues is placed in eacli clamp of 
the tester and, by means of the autographic recording device, a measure- 
ment made of the average load necessary to tear the fabric. The warp 
and filling tearing strengths are reported in the form of the average of the 
five individual tests. 

Trapezoid Method. The machine is again the same as that used for 
the grab breaking strength measurement with the exceptions tliat ilic 
faces of the clamps are 1 by 3 inches or more, with the long diniension 
perpendicular to the direction of the load, and the distance bel.wcH'n llic 
clamps at the start of the test is 1 inch. Again, the pawls of the pendulum 
are disengaged from the ratchet. 

Quintuplicate specimens, 3 inches in width and 6 inches in Icngdi, arc. 
cut in the directions of both warp and filling threads. An isosccdi’s (raja'- 
zoid is marked on each specimen having an altitude of 3 inclic's and Ijascs 
1 and 4 inches in length. A 0.25-inch cut is made in the center of the l-indi 
edge and perpendicular to it. The specimen is clamped in tlie ina<'liiii(! 
along the non-parallel sides of the trapezoid with the cut iialfway belwc'cn 
the clamps, the short edge taut and the long c<lgo lying in folds. 'FIk! 
average load necessary to tear the fabric is obtained by nK'nns of (Ik^ 
autographic recording device. The warp tearing strength and filling i('ai-- 
ing strength are calculated as the average of the five individual tests in 
each case. 

The various types of flameproofing treatments exert quite different 
effects upon the strength characteristics of the fabric. In some ca.sos liu; 
breaking strength is seriously impaired with only a relatively alight de- 
crease in tear strength. Those treatments which tend to jirodncc ii film 
or coating on the fabric, on the other hand, do not reduce the breaking 
strength but generally cause a marked decrease in tearing strength. Which 
of the fabric strength measurements assumes the greatest importance de- 
pends to an appreciable extent upon the future use for which the treated 
fabric is intended. 
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4. Leaching Tests 

Rogers B. Finch, Allan J. McQmde, 
and Robert W. Little 

a. Laboratory Tests 

In the development work on flameproofing treatments of a more or less 
durable nature, it is often desirable to employ a rapid and simple labora- 
tory test to obtain an initial estimate of the permanence of the treatment. 
In the event that the flameproofing constituents withstand these mild 
leaching conditions they may then be considered of a durable type and 
evaluated further by means of the more severe laundering and sea water 
tests which follow. 

Static Water Leach. A 7 by 7 inch specimen of the treated fabric is 
conditioned for 24 hours at 70° F. and 65% R.H. and weighed. It is then 
sewn to a 6 by 6 inch rectangular stirrer frame made of glass rod and 
immersed in approximately 4 liters of distilled water in a 4-liter beaker. 
The stirrer is rotated for 1 hour at room temperature at a rate of approxi- 
mately 40 R.P.M. After removal from the beaker and frame, the specimen 
is air-dried, reconditioned in the standard atmosphere and re-weighed 
to determine any loss of retardant. The specimen is finally tested by means 
of the 45°-Microburner flame test. 

This mild leaching is concerned with removal by a dissolving action 
only since the use of distilled water avoids any possible exchange and the 
slow stirring exerts almost no mechanical flexing on the fabric. 

Running Water Leach. Two methods used in evaluating fire- 
resistant treated fabrics are described in this section. The first method was 
developed for use under N.R.C. Project Q.M.C. #27 at Columbia Univer- 
sity. A 7 by 7 inch specimen of the fabric is conditioned and weighed. It is 
then immersed in a round-bottomed trough of approximately 1-gallon 
capacity into which tap water is introduced at such a rate as to produce 
marked turbulence. The water is introduced at the bottom of the tank 
and exits at the top, producing a tumbling action. The specimen is tum- 
bled in this running water for a period of 24 hours, air-dried and recon- 
ditioned. The fabric is then weighed to determine the loss of flameproofing 
agent and its flameproofness checked with the 45°-Microburner Test. 

The exposure of some treatments to such large quantities of tap water 
will produce some loss of flameproofness due to ion-exchange. This will 
vary with the hardness of water used. In addition, the mechanical action 
occurring in the tumbling of the specimen may cause some impairment of 
retardancy though this should not be appreciable. 

The second method is used at the Jeffersonville Quartermaster Depot 
for the leaching of fire-resistant duck for tentage. There, in order to 
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accommodate the large number of samples received daily for both inspec- 
tion and development purposes, a tank 42 inches in length, 19 inches 
■wide, and 21 inches deep is employed. This tank is divided lengthwise 
into three parts to produce along each side a compartment 2 inches wide 
parallel to the length. The center portion, 15 by 42 inches, is further par- 
titioned across its length into 40 cells approximately 1 inch in width, thus 
providing a separate compartment for each sample to be tested and avoid- 
ing the possibility of contamination. Water is piped to the center of the 
and enters one of the narrow sections parallel to the length of the 
tank. By means of slots the flow of water is then directed to the top of 
each sample compartment. At the bottom of each compartment and on 
the opposite side from the inlet the water is directed into the third section 
which runs parallel to the length of the tank. A waste pipe is placed in the 
center of this section at a level slightly below that of the inlet to draw' 
off the flow of water. The inflow water pipe is jacketed to allow it to be 
heated by steam, the introduction of which is thermostatically controlled 
to insure water of 70® F. temperature. 

Thus this leaching tank provides a means for a constant flow of water 
of even temperature to be directed down and across each sample which 
hangs vertically in an individual compartment free from contaminalion 
of materials removed from other samples. 

In the conduct of the test two fabric samples each 12.5 by 10 inclios 
in size are selected, one with the longer dimension parallel lo (lie warp and 
the other parallel to the filling. Each is suspended below the water level in 
separate compartments, and the water flow is regulated (o provide at least 
six complete changes of water during each 24-hour period. Upon (‘oniple- 
tion of the desired leaching period, generally for 72- or 108-hour periods, 
the fabric samples are removed and air-dried licforo cx|K)sure (o sfandard 
conditions. Each sample is then cut into five 2.5 by 10 inc'h s|)e(‘iitiens (o 
allow fire-resistance determinations to be made using the Verticid-Ihiiiscji 
test. 

On the whole, fair results were experienced with this method and those 
fabrics which had water-soluble fire retardants were quickly (]iscov('r('<!. 
In addition, when fabrics leached for 168 hours in this t.ank were exam- 
ined for mildew resistance the results gave a good indication of the mil- 
dew resistance of the same fabric after 4 to 6 months’ outdoor cx])osnrc 
in Jeffersonville. 

Spray Leaching. Leaching of fire-resistant tentage fabrics at Jef- 
fersonville was also carried out in a Model X-IA Accelerated Weathering 
Unit manufactured by the National Carbon Company.’® Tn this marliine 
a circular rack 37.5 inches in diameter revolves within an enclosed drum 
at such a speed as to provide one complete revolution for each two-hour 

“For details of the equipment and operating procedure, see paraRrapha 5b and 
5b(2), Section IV, U. S. Army Spec. No. 100-48 (May 11, 1945); also soo Section 9 
of this chapter. 
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period of machine operation. Located within the revolving rack a spray 
nozzle is provided to impinge water in a conical spray upon samples car- 
ried by the revolving rack. In the center of the machine is a carbon arc 
enclosed with Corex D filter panels. To provide artificial light, Sunshine 
type carbons are employed and maintained at constant amperage across 
the arc. Thus, during each revolution the samples are exposed to the spray 
for approximately a ten-minute period, and the remaining time to light. 
The period of exposure to such conditions is generally 200 hours, and for 
some comparative tests it has been extended to 400 and 600 hours. 

In the conduct of the test two fabric samples each 12.5 by 11 inches in 
size are selected, one with the 11-inch dimension parallel to the warp and 
the other sample with its 11-inch length parallel to the filling. The sam- 
ples are positioned upon the revolving rack with the 11-inch dimension in 
a vertical plane and are attached solely to its top portion. Upon comple- 
tion of the desired exposure period, the fabric samples are removed and 
air-dried for a 24-hour period before exposure to standard conditions. 
The unexposed portion of the sample, 1 by 12.5 inches in size, is removed 
and the remaining fabric divided into five specimens each 2.5 by 10 inches. 
Tlicse are used for fire-resistance tests employing the Vertical-Bunsen 
method. It was also the practice to apply the flame to that 2.5-mch edge 
which had been in the lowest position during the test. 

This test method provides a much better indication of the fire-resistance 
retention of tentage duck than did the tank method previously outlined, 
and in addition a fair estimation of the color change to result in field tests 
is obtained. However, in both these respects it is not as severe as that 
which occurred in field tests. As would be expected where a large quantity 
of tap water of considerable hardness is employed, one type of finish was 
markedly impaired due to ion-exchange reactions, Such a condition has 
not been fully confirmed upon actual outdoor leaching. 

b. Field Tests 

Outdoor exposure of tentage fabrics is performed on the grounds of the 
JcfTcrsonvillc Quartermaster Depot with the sample mounted at a 45® 
angle, facing soiith.^® A specimen 42 by 30 inches with its longer dimen- 
sion parallel to the warp is mounted on fiber board using large copper 
tacks spaced 6 inches apart. In some cases the fabric is supported on all 
four sides, providing no backing agent. In this manner one side is exposed 
to the weather for periods up to one year. 

In nearly all instances the fabric samples were mounted on the fiber 
board since this produced a more severe condition and the tensile strength 
losses sustained were more in keeping with those experienced in other 
localities. In addition, it represented a use comparable to that which 
occurred in the life of paulins. 

^“Paragraph 3, Section XIII, Federal Spec. CCC-T-191a (April 23, 1937). 
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Due to the fact that Jeffersonville is located in an atmosphere in which 
industrial gases prevail, especially during the winter months, it was neces- 
sary that only those exposures which were initiated about April 1 and 
continuing for a six months’ period be considered as somewhat indicative 
of the effectiveness of the treatment. Lastly, to allow comparison between 
various types of treatments it became necessary to standardize on two 
types of base grey fabric, which were 12.29-ounce Army duck and 11.6- 
ounce tent twill. 

The significance of these tests in comparison with laboratory evalua- 
tions is discussed in Chapter VII, Section A-2-b. 

5. Laundering Tests 
Robert W. lAttle 

Since the durable types of fiameproofing treatments are intended for an 
initial treatment without the necessity of reprocessing, they must bo 
capable of withstanding normal laundering conditions. A test procedure 
is required, therefore, to evaluate in the laboratory the resistance of flame- 
proofed fabrics to laundering. The retention of flame and glow resi.stance 
on laundering will be greatly dependent upon the washing procedure em- 
ployed and the nature of the detergent solution. For this reason it is neces- 
sary to adhere to a more or less empirical test method in order to achieve 
any degree of reproducibility. 

Several standard laundering tests have been developed for determining 
the color fastness of dyed fabrics. The official methods of the XTnited Si ates 
Government, the American Association of Textile Chemists and Color- 
ists,^^ and the American Society for Testing Materials arc very similar 
in nature and with minor modifications are ai)plicablc for use in (esiing 
the permanence of flameproofed fabrics. In the case of the color fastnc.ss 
tests, several separate procedures are given using different conslilucnU in 
the wash solution and varying bath temperatures and llic Icngih of (lie 
washing period. In adapting the techniques for use witli flanic-relardnnt 
fabrics a single washing procedure was employed, the severily of the 
laundering being varied only with respect to the detergent mixture em- 
ployed. 

A second type of laundering test which could be u.scd for the evaluation 
of flameproofed fabrics is that now commonly employed in determining 
shrinkage in laundering.^'^ This method employs a large specimen, 20 

“Paragraph Xlll-i, Textiles, General Specifications, Test Methods— F('(l. St’d. 
Stock Catalog, Sect. IV, Part 6— CCC-T-191a (April, 1937). 

“ A.A.T.C.C. Official Method C-1-42 (No. 3)— Standard A.A.T.C.C. Tost Methods, 
1943 Yearbook. 

“A,S.T.M. Designation: D435-42 (No. 3); A.S.T.M. Standards on Textile 
Materials (1944). 

“A5.T.M. Designation D437-36; A.S.T.M. Standards on Textile Materials (1944). 
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3 or and the washing is carried out in a small reversing 

of -fclie cyhndrical type. A test of this sort might more nearly 
3 the conditions existing in commercial laundry practices, 
tory comparisons of the relative permanence of flameproofing 
hovvever, where it is often desirable to test several different 
simultaneously, the first mentioned tests appear to be better 
rho’ individual specimen jars permit the washing of many dif- 
ited specimens without any chance of contaminating one fab- 
products leached from another. 


mlor^^ rotator employed as a iatmderometer in the early c.xporiiaenLs 
of N.R.C. Project Q.M.C. #27. 

sring tests carried out in the course of the flameproofing 
lumbia University were performed in two types of launder- 
t. One washing procedure was developed making use of a 
tator which would accommodate jars of one-quart capacity, 
eries of tests were carried out in the A.A.T.C.C. standard 
r. Tile apparatus and procedure of both tests are presented 
ng pages in order to be of assistance to those who may not 
Launder-Ometer available but do have a laboratory rotator 
adapted to accommodate one-quart jars. 
r Launderometer. The complete apparatus employed is 
Lire G. The rotator consists of a cast iron frame capable of 
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holding six 1-quart Mason jars. The jars are clamped, three on each side 
of the frame, such that the jars on opposite sides are also at the opposite 
ends of the rotating holder. The horizontal shaft of the machine is 0.5 
inch above the plane of the jar cap and is displaced 2 inches from the ver- 
tical axis of the jar. Thus the jars in revolving effectively rotate about an 
axis approximately 2 inches above the center of their covers. The Mason 
jam are encased in asbestos jackets and clamped in the rotator which 
turns at the rate of 15 R.P.M. 

The procedure used is very similar to that described in Federal Specifi- 
cations.^ A single specimen is placed in a 1-quart Mason-type jar along 



Figure 7. Atlaa Laimdor-Omctcr, Moch'I LIID-EF. 


with twenty 0.75-inch glass marbles. 400 cc. of the soap solution, which 
has been heated to 160* F., is added to the preheated jar, the jar scaled 
and rotated for 30 minutes. The soap solution is then poured off, rci)laccd 
by 400 cc. of water at 160* F., and the jar rotated for 10 minutes. The 
specimen is rinsed once more by rotating for 10 minutes in a fresh 400-cc. 
portion of water at 160° F., and finally by rinses of 3 minutes each in an 
0.05^o acetic acid solution at room temperature, and in cold water. The 
rinsed specimen is hung to dry under room conditions. 

Atlas Launder-Ometer. The fully automatic, electa-ically operated 
machine, including the preheated loading table, is shown in Figure 7. 
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A detailed description of the apparatus and the process of its development 
can be obtained from the literature.^ The use of a specially designed in- 
strument of this type has many advantages particularly when a great 
number of tests are being made. The automatic temperature regulation of 
the bath and preheating table plus the compactness and ready availability 
of the items required reduces greatly the tedium of routine tests. The ma- 
chine consists essentially of a large copper tank containing a rotor capable 
of holding twenty standard pint jars. The rotor is driven at a standard 
speed of 42 R.P.M. The jars, covers, rubbers and test balls are all pre- 
heated to the operating temperature in the tray shown by means of cir- 
culating the water from the laundering chamber. 

The laundering procedure in this case is very similar to that of test 
No. 3 of A.S.T.M.“ and A.A.T.C.C.^^ A single test specimen is placed in a 
1-pint Mason-type jar along with ten 0.25-inch steel balls. A 100-cc. por- 
tion of soap solution, previously heated to 160° F., is added and the jar 
rotated for 45 minutes at that temperature. The soap solution is then 
poured off and the specimen subjected to two consecutive 1-minute rinses 
in 100 cc. of water at 105° F. The fabric is then soured by agitating for 
2 minutes in 100 cc. of 0.05% acetic acid solution at room temperature 
followed by a 2-minute rinse in 100 cc. of cold water. The rinsed specimen 
is hung to dry under room conditions. 

The A.A.T.C.C. launderometer can be obtained with a special rotor to 
accommodate I-quart jars. This is desirable in view of the size of .specimen 
required for the 45°-Microburner flame test. In that case the volumes of 
solutions used would be increased to those given for the laboratory laun- 
clcromctcr method. 

In the laundering tests carried out under the N.R.C.-Q.M.C. Flame- 
proofing Project, three different soap solutions were employed: 


Solution 1 — 0.5% Igepon-T. 

Solution 2 — 0.5% ordinary issue G.I. soap. 

Solution 3 — 0.5% G.I. soap + 0.2% Na 2 C 03 . 

These were intended to represent the varying degrees of severity which 
might be encountered in the course of military or commercial launderings. 
Since the launderings are intended primarily for use in comparative 
studies it is not necessary to duplicate exactly all of the conditions which 
may be encountered in actual usage. 

Although the two techniques described above are quite different in 
several respects, extensive laboratory comparisons have shown that they 
are nearly equal in their effect upon the flameproof characteristics of the 
fabrics tested. This is illustrated by the data of Table 1, comparing the 
flameproofness of three different fabrics after laundering according to both 

Am. Dyestuff Rep., p. 697 (Oct. 29, 1928). 
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procedures. The figiirea in the table represent the average of from 9 to 12 

separate specimens. 


Table 1. Comparison of Laundoving Techniques: Flnmeproorcd Fabrics Laundered in 
0.6% G.I. Soap Using a Laboratory Laundcroracter and tlm Atlas Laundcr-Omeler 




No, of 

AF 

AO 

CA, in’, or 

Troalmont 

Lnundcrqfnolor 

Laundciinga 

ecos. 

B0C8, 

CL, in. 


46'‘-Micr<}himcr Flame Test 



Urea-Phosphato 

— 

0 

0 

2 

2.2 

Type 

Atlas 

3 

0 

2 

2.6 

(Lab.) 

It 

0 

0 

1 

2.2 

(12.3% add-on) 

Lab. 

3 

0 

3 

2.2 


it 

6 

0 

3 

2.0 

Uroo-Pbosphato 

— 

0 

0 

1 

2,1 

Type 

Atlas 

3 

0 

2 

2,2 

(Comm’l.) 

II 

0 

0 

3 

2,9 

(23.9% add-on) 

Lab. 

3 

0 

3 

2.3 


K 

0 

0 

1 

27 

Antimony Oxido: 


0 

0 

0 

2.4 

Vinylito (Solvent 

Atlas 

3 

0 

0 

2.6 

(Semi-Qomm’l.) 

H 

C 

0 

0 

2.0 

(38.5% add-on) 

Lab. 

3 

0 

0 

2.3 


II 

0 

0 

0 

2.1 


Vetiieal-Bunien 

iJwrnflr Flamo 7'csl 



ITrearPliosphato 

— 

0 

0 

2 

8.4 

Typo 

Atlas 

8 

0 

2 

8.(1 

(Lab,) 

Lab, 

3 

0 

3 

8.2 

(10.1% add-on) 






ITrearPhosphato 

— 

0 

0 

1 

2 6 

Typo 

Atlas 

3 

0 

2 

2 6 

(Comm’l.) 

It 

0 

0 

2 

2.7 

(23.9% add-on) 

Lab. 

3 

0 

3 

3.2 


it 

C 

0 

3 

32 

Antimony Oxido: 

— 

0 

0 

20 

3,7 

Vinylite (Solvent) 

Atlas 

3 

0 

31 

3,2 

(Semi-eomm’l.) 

n 

0 

0 

(iO 

8 6 

(38.6% add-on) 

Lab. 

3 

0 

32 

3,2 


f{ 

0 

0 

35 

2.9 

AF- 

— aftcrflaming 

CA — 

clianvd area 



AG 

— afterglow 

CL — 

cliariocl length 



6. Sea Water Resistance 

Robert W. Little 

The resistance of durable ilnmcproofing treatments to the leaching 
action of sea water is a property which probably is most directly asso- 
ciated with fabrics for Naval and military purposes. The tost was noces- 
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sary in evaluating military clothing fabrics which might well bo exposed 
to more or less prolonged immersion in sea water in the oourso of amphib- 
ious landing operations. It is also probable, moreover, that flameproofed 
duck used for tarpaulins or deck covers might well bo exposed to a similar 
leaching action on exposure to sea air and spray. The tost is more univer- 
sal, however, since it is concerned with the resistance of flamcproofing 
compositions to an exchange maction with alkali and alkaline-cartii ions 
whether brought about by sea water immersion, saturation with perspira- 
tion or leaching or laundering in hard water. The treatments primarily 
concerned with these base exchange reactions are those of the iiron- 
phosphatc type, The influence exerted by alkali and alkalinc-onrth ions 
upon the salts of cellulose esters has been previously discussed. The pig- 
ment-type emulsion and suspension treatments are not seriously alTcctcd 
by sea water immersion though in some eases the resistance to afterglow 
is somewhat impaired. 

In the course of the experimental work of the Flnmoproofing Project at 
Columbia University, it was necessary to develop an apparatus and pro- 
cedure for carrying out this test. The only available comparable tests, 
those commonly employed in estimating the fastness of dyes to perspira- 
tion and sea water, were entirely unsuitable for the purpose. 

The apparatus consists of a standard laboratory rotator in which 
cylindrical, widc-moufclicd Jars of 1-pint capacity arc rotated at a 8))cc(l 
of approximately 12 R.P.M. about an axis parallel to t))c diameter of the 
jars. 

The synthetic "ocean water” is prepared in the form of two slock solu- 
tions and diluted for use as required. Tlic compositions of the sLoidc sjjIu- 
tions, according to the formulae of Lyman and Fleming, are as follows: 


Slock Solution 

§! 

Stuck Sitiulxon 


Malcrial 

Grams 

MaterUd 

Ottwm 

NaCl 

1878. 

MgCh • 6 TLO 

8,') 1.0 

NajSOi 

3I3.‘I 

CaC’l, 

88,2 

KCl 

631 

SiClj • G TI*0 

32 

NnirCOa 

16.4 

TIjO 

800. 

K»r 

7.7 



IlaHOj 

2.1 



NaP 

0.24 



NaaSiOj (‘10%) 

34 



ILO 

7000, 




A volume of 195 cc, of solution is diluted witli water to a total 
volume of 1 liter. Similarly, 36 cc. of solution #2 is diluted up to 1 liter 
with water. The two liters are then mixed and the resulting solution used 
in the tests. 


26"Tho Oceans,” Sverdrup, Johnson, and Fleming; Prentice Hall, Inc. (lO-lJ), 
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Six identical specimens of fabric, 7 by 7 inches square, are cut for each 
test. A specimen is placed in each of the jars along with 260 cc. of “sea 
water” and rotated for the required time at 70“ F. The specimen is then 
removed from the jar, blotted between cotton toweling to remove excess 
solution, and air-dried. After conditioning the specimens for at least 24 
hours at 70“ F. and 66% K.H., they arc tested for flameproofness by means 
of the 45“-Microburncr flame test. 

One specimen of the group, in each case, is subjected to rotation in the 
sea water for a period of 16, 30, 60, 90 and 120 minutes. The sixth specimen 
is tested as a control. The results are expressed in terms of “Resistance to 
Sea Water,” which may be defined as the time in minutes which a flame- 
proofed fabric may be rotated in the “ocean water” solution witliout sig- 
nificantly affecting the flameproof qualities of that fabric. In the case of 
military clothing fabrics it was required that the resistance to sea water 
be at least 120 minutes. 

7. Perspiration Resistance 
Robert IF. Liitle 

The measurement of the resistance of flamoproofod fabrics to the action 
of perspiration is a tost intended apocifically for uso with clothing faliries. 
The property evaluated is similar to tliat determined by moaiiH of tlic Sea 
Water Resistance Test previously described but the latter is considerably 
more severe in its leaching action. 

The most satisfactory inotliod of determining the dolctcrious action of 
perspiration upon flamciiroofcd clothing fabrics would naturally bo a 
series of heat load experiments in whicli the Li'catcd gariiKMits are actually 
exposed to the sweat of human subjects under coni rolled wearing eon- 
ditions. Experiments of this type linvc l)ccn eondueled nial the nietluxls 
used will be discussed in a later section. In tlic majority of ca.ses, liowevcr, 
it is cither impractical or impossible to carry out oxteiisive programs of 
this type. It is therefore dcsiralile to develop a simple accelerated labora- 
tory test which approximates as closely as possible the conditions encoun- 
tered by the fabric in the course of the heat load experiments, 

The only available tests for determining the rcsi.stancc of textiles to 
perspiration were those employed in measuring the fastness of dyes The 
conditions of those tests were thought to be loo mild for the purpose in 
mind, The test procedure which follows was dcvolojicd by the staff of the 
Flameproofing Project at Columbia University in an attempt to provide 
a simple laboratory test which would simulate the life of a garment fabric 
under severe wearing conditions. 

The test apparatus presented diagrammatically in Figure 8 consists of 
a closed cabinet with a glass front which is maintained at a temperature 
approximating that of the body (30“ C.). The fabric specimens arc sus- 
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pended on fi wire frame which may be slowly rotated. The synthetic per- 
spiration solution is introduced into the cabinet in the form of a very lino 
spray by means of an air-powered spray gun. 



A 'Ajr 

P- Fersplrat/on Solution 
H-tiooTor 
O- Orain Board 
S'i^cim^n Holder 
n- Tharmo'raQu/Otor 
t~ Thermomarer 
B'Bafflc 


Tlic synthetic "jicrspiration” is prepared according to the following 
fornuilation:®“ 


Acid Pcrspxialxon Solulxon 


Mnlctinl 


Sodium I'liloiule 

10 

bfu’tic acid, U iS.P (85'’;) 

1 

Disodiutn orlhophospliatu 

1 

Water 

988 


Duplicate or quadruplicate 7 by 7 inch ppecimons arc placed in the 
cabinet foi’ an 8-houc iioriod, being sprayed interinittenlly at 1-hour inter- 
vals with 30 cc. of the jicrspiration solution The .s])ec'imons are finally 
conditioned foi’ 24 hours in tlic standard atmosphere and tested for flame- 
proofness using the 45°-Microbiirner flame test 
In the testing of water-soluble flameproofing agents, the spray should 
be adjusted such that the specimens do not become oversaturated and 
cause dripping of solution from the fabric Actually, extensive practical 
wear tests have shown that water-soluble retardants can be elTectively 
leached from the fabric by profuse perspiration. 

Federal Standard Stock Catalog— Section IV, Part 6, p, 15. CCC-T-191a, (Apr 
23, 1037.) 
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8. Moisture Vapor Permeability 
Robert W, Little 

One of the requirements for flameproofed fabrics intended for use in 
articles of clothing is that the fabric shall allow a free passage of water 
vapor in order that an excessive heat load is not imposed upon the wearer 
of the garment. The most reliable method of determining this fabric prop- 
erty would bo to carry out heat load studies and observe the iJcrformance 
of the fabric when in actual use on human subjects. This type of experi- 
ment has been carried out on flameproofed fabrics and is described in 
Section 10 of this chapter. Since such extensive experiments aro generally 
impractical it is desirablo to havo a simple laboratory tost which will 
serve to evaluate the resistance of the fabric to the passage of moisture 
vapor. 

A great many different methods have been developed for tcaf.ing the 
vapor permeability of fabrics, paper, leather and various sheets and films. 
The reader is referred to the literature for a detailed picture of the proce- 
dures 30.81.32 apparatus employed. A bibliograpiiicnl summary 
of the available methods has recently been presented by Llic slaff of 
The Institute of Paper Chemistry.'’® In general the tests consist of a 
method of aneasiiring the rate at which water vapor passes through a 
sheet from a region of high humidity to one of lower moisture vujior con- 
tent. The method of Lyman Fourt and Milton Harris of tlic Tcxl.ilc* Ii’oun- 
dation®° relates this passage of water vapor to the intrinsic resisiance of 
the fabric. The intrinsic resistance, expressed in tenns of (’<iuivalcnt cen- 
timeters of still air, is determined for a fabric before and after the aji- 
plication of a flame-rctardant material, thus determining wliollicr or not 
the flameproofing treatment lias impaired the passage of water vapor 
through the cloth. 

The majority of the vapor permeability techniques measure the total 
resistance sot up by n fabric system. This includes the appreciable re- 
■ sistances of the air layers on each side of the fabric wliicli are very de- 

"Ilyden, W. L, hid. En{;. Chein, 21, No. fi, 105 (1029). 

John, R.. Tech. Assoc. Papers, 20, flO (10.37), 

2" Hotweeh, W., Papir J., 20, 233 ( 1932) , 

Hobbs, R. B., J Avi. Leather Chem. /t.s-, soc, 36, 310 (Ifl-ll) 

Herfeld, E., Collegium, 65 (lOlI), 

Sears, G, R , Schlagenhauf, II. A., Given, J, C., and Yel L, V. R., Paper Trnilc J 
118, No, 3, 39 (1941). 

®®Noll, A, Papier-Fabr. Wochbl. Papier fabr., No. 5, 151 (lO'I'l). 

Modern Packaging, 16, 78 (1942). 

Paper Trade J., 121, No. 16. 33 (Oct, 18, 1046), 

Report No. 243, Committee on Aviation Medicine, N.Il.C, Div. of Mod Sei 
(Jan. 7, 1944). 


B. TEST PnaCEDUEES 


136 


pendent upon the conditions of lest. By comparing the total resistances 
of two systems, one of which contains one more layer of fabric than the 
other, the intrinsic resistance, or the resistance attributable to the fabric 
alone, may be obtained. This technique of Fourt and Harris was felt to 
be more ajiplicablc to fabrics and is presented hero as one of the better 
methods available. 

The apparatus required consists of the parts illustrated in Figure 9 
along with a suitable conditioning box or conditioning room in which the 


/ 

z 

3 

4 



\ Moisture vnpor pel moiibil- 
ity apparatus. 

Z Fbbr/c c/fsc 

3 A/ummum r/ng 

4 jig 

5 Crysfa/i/zing dish 

6 Orierife 


Parts ror Asssmoly 

/ steel seaZ/na disc 


Figui-e £ 



a.'fscmblies may be cxi^oscd to an atmosphere of high and constant humid- 
ity. As employed in the experimental program of the Coliiml)ia University 
Flamcprooling project, the assemblies were placed on a wire screen sus- 
pended in the conditioning room. Since the fabric specimens are con- 
ditioned in this standard atmosphere of 70“ F. and 659'o R.H. prior to 
test, this avoids any pickup of moisture on the part of the fabric in the 
early stages of the test. 

Nine circles of fabric, 3.1 inches in diameter, are cut using one of the 
alumimira rings as a pattern. These provide specimens for a vapor per- 
meability measurement on 1, 3 and 6 layer® of the fabric. The specimens 
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should be taken from various parts of the cloth sample to minimize errors 
due to non-homogeneous treatment. 

The steel sealing disc and a cup of sealing wax arc kept on a hot plate 
throughout the preparation of the asseinblics. A satisfactory sealing wax 
may be made of a 60-50 mixture of parnfFin and beeswax. An aluminum 
ring is placed on the jig and the outer half of the upper surface painted 
with sealing wax. A corresponding circle of wax is painted around the 
edge of one surface of a fabric specimen, the cloth disc placed on the 
ring with the two waxed surfaces together ‘and the two sealed together by 
placing the hot sealing disc on top of the fabric. For the 1-laycr assem- 
bly, this procedure is repeated scaling a second aluminum ring on the 
other side of the fabric. In the case of the 3- and 5-layer assemblies, the 
adjacent cloth discs arc scaled together as described above, placing a ring 
of sealing wax on both discs, pressing them carefully together and sealing 
with the hot steel disc. In each case the last cloth layer is topped with an 
aluminum ring. Finally, the edges of the completed assemblies arc iminted 
with wax to assure an airtight seal, and the three assemblies conditioned 
for 24 hours at 70“ F, and 65% R.H. Twenty grams of Drioritc arc i)laccd 
in each of three tanning dishes, a fabric assembly placed on each dish and 
sealed in place with sealing wax. The final assemblies arc j^laccd fabric 
side down on a largc-mosh wire platform which is in the conditioning room. 
A uniform current of the moist air passes steadily over the surface of tlio 
exposed fabric. The entire assemblies are weighed on an analytical bal- 
ance at 30-rainutG intervals over a pci’iod of 2.5 hours. Just after each 
weighing the desiccant is mixed by gently shaking the dish. 

Resistance being the reciprocal of permoability, a convenient unit for 
expressing the resistance of a fabric haw boon selected as the length of an 
equivalent column of still air through which water vapor would dilTusc 
at the same rate under the same conditions of temperature, ])ressui’e aiul 
concentration gradient. The total resistance of a system, them, would be 
cxpressable in the following form: 

li = ~D(AC)At 

where: 

li = total I'osistanco of tlio system, (ho rcsislanco tn llio diffusion of water vapor ox- 
pre.ssod in equivalent ccnlimetoi‘.s of ideal still aii. 

Q = mass of wator transfoned by diffusion, in grains. 

D = diffusion constant in cinVscc. 

AC = differcneo in concentration of water vapor in gms/cin®. 

A >= area of fabric through which moisture travels in cm*. 

( = time interval, in seconds. 

In order to clarify the calculation of test results, a sample calculation 
is given in the following section for a measurement of 8.5 oz. herringbone 
twill in a room at 70“ F. (21.1“ C.) and 66% R.H. 
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According to International Critical Tables, the diffusion coefficient, D, 
varies with the absolute temperature, T, and the barometrio pressure, P 
(mm. Hg) as expressed in the equation: 

/ T* \i76 7«n 

D = 0.220 X-jr 

As an approximation between 0 and 50* C., this may be replaced by; 

D = 0,22 + 0.00147(m“ C.) 

Since the temperature in this case was 70* F. or 21.1* C.: 

D = 0.22 + 0.00147(21.1) = 0.251 cmVscc. 

The concentration difference, AC, in grams/cm®, can be obtained from 
the relative humidities and ifg, the absolute temperatures and T 2 , 
and the corresponding saturation vapor pressures pj and pg on each side 
of the fabric as: 


A/TrH,o., 273/p,ff, p,//A 

^ G.M.V. ^ 700 V T*. Ti J 

Since, however, the temperature and pressure both inside and outside 
arc the same and the concentration of water vapor on the inside i.s essen- 
tially zero: 


= Ti = 273 1 + 21.1 = 294 2" K 
Pi — Pi = saturatioQ vapor pressure at 21 1*C = IS 76 mm. 

Hi — Hi ~ difference m relative humidity from one side of the fabric Lo the other 
= 0.65 - 0 = 0 65 


A/TFhjO = 18 

GMV — 22,400 cc under standard conditions and: 

\r = v V (IT — ji \ = V 

22,400 ^ 760 ^ T ' ‘ 22,400 ^ 

= 1 198 X I0-*gm/em* 


18.70 ^ 273 
760 ^ 294.2 


X 0 65 


Also, since the exposed fabric disc has a diameter of 2 35 inches and the 
area is to be expressed in cm®: 


A = 


^ 2 35 X 2 oi j 


X 3.1416 = 28.00 cm* 


finally : 

i = 60 iW, where M = time interval in minutes between successive weighings 
Thus substituting in the original equation: 


72 * ^ X 0 251 X 1.198 X lO"* X 28 X 60 


or: 


6.05X10-*^ 
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Q is obtained by cUfTevonces in successive weighings and along with the 
time elapsed in minutes is then used in the above equation to calculato 
the total resistance R. 

The data for the sample calculation are as follows: 


No. of Layora 
of Clotu 

Time 

Wl. of 

Asaombly, enia. 

<3 

M 


1 

2 : 08 p.w. 

G9.3000 

— 

— 

— 

1 

2 : 40 p.M. 

09.4432 

0.1303 

32 

1.17 

1 

3 : 10 p.M. 

69.6863 

0.1421 

30 

1.14 

1 

3 : 40 p.M. 

09.7116 

0.1202 

30 

1.20 

1 

4 : 12 p.M. 

09.8218 

0.1103 

32 

1.46 

3 

2 : 27 p.M. 

70.1872 



Avo. 1.24 

A 

3 

2 : 67 p.M. 

70.2843 

0.0971 

30 

1.56 

3 

3 : 27 p.M. 

— 

— 

_ 

— 

3 

3 : 67 p.M. 

70.4077 

0.2134 

60 

1.42 

8 

4 : 27 P.M. 

70,6073 

O.OOOG 

30 

1 62 

5 

2 : 19 P.M, 

83.1336 

• 


Avo. 1.60 

5 

2 : 47 P.M, 

83.2082 

0.0740 

28 

1 89 

6 

3 : 17 p.M, 

83,2000 

0.0887 

30 

1,00 

6 

3 ! 47 P.M. 

83,3780 

0.0820 

80 

1,84 

6 

4 : 17 P.M. 

83.4094 

0.0005 

80 

1 08 

Tho intrinsic resistanoo of 

one layer of fabric 

is obtained 

, as 

Avi'. 1 76 

follows: 


also: 


R\ layer “ 


111 layers - fii layer 
2 


layers - /?# lnvi*i'fl 
2 


72i layer 


R(, layers -• /?i layer 
4 


By these subtractions we cancel out the effect of the surface layers of 
air on both sides of the cloth as well ns the effect of the Drici’ite on one 
side. 

Using the sample data: 


Ri 


1.50 - 1,24 ^ 

2 2 


0.130 cm. 


Ri = 

Ri = 


1.75 - 1.60 
2 

1.75 - 1.24 
4 


n I or 

— ^ = 0,126 cm. 


0.51 

4 


0.127 cm. 


Therefore, the intrinsic resistance of 8,6 oz. herringbone twill is 0.127 
cm. The precision of the measurement is approximately ± 0.06 cm. 
although this factor will depend greatly upon the allowed variation in tho 
relative humidity. 
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9. SUBVEILLANOB AND TbNDBUING TESTS 
Henry A. Rutherford and Robert W. Lillie 

The apj)lication of a finish or a coating to a cotton LexLilc frequently 
raises the question of whether the treatment lias an atlvorso effect on tho 
useful life of the material. Thus, many laboratory methods of ascertaining 
the stability of a fabric toward light, heat, moisture, mildew, etc., have 
been devised. These accelerated methods are desirable because of tho im- 
practicality of drawn-out and laborious service testing, but unfortunatGly 
they are often a completely inadequate substitute. 

The conditions used in any of the so-called tendering tests are nocos- 
sarily arbitrary, but are designed to bring into play those factors which 
are expected to contribute to the deterioration of the material during use. 
For example, the stability of a fabric during normal storage conditions 
might be ascertained by its behavior at some elevated temperature, Mate- 
rials whose normal use constitutes exposure to the elements must be tested 
by a more complicated moans involving the use of licat, light, and mois- 
ture. Tho reliability of the evaluation procedures is of utmost imjior- 
tanco, and it may be said that the more drastic the conditions of iiccol- 
erated testing, the greater the possibility of arriving at a false evaluation 
of the durability of a fabric during normal use. 

The lack of standard test procedures emphasizes tlic dinicultiofl involved 
in this type of work. A survey of the literature, winch for IJio moat ))art 
consists of government specifications, reveals a number of .'suiwrillnnco and 
tendering tests. Changes in details of procedure have boon made from 
time to time, but in every case the general form of subjecting fabrics In 
heat, light and/or moisture sciiarately or together has ))ecn followi'd 
A description of accepted (but not necessarily proved) procedures in fori'c 
in May, 1945, which might possibly apply to fire-resistant fabrics, is 
presented. 

U. S. Army Specification No. 100-48, dated May 11, 1945, pages 35 and 
36, lists the following: 

“4. Accelerated aging tests. — 

‘'4a Oxygen hoinh test . — The given specimen of coated fabric shall 
be exposed to an atmosphere of oxygen at a pressure of 300 pounds per 
square inch and a temperature of 168° F. (70° C.) for a specified jioriod 
of time. After exposure, the coating on the fabric shall show no signs of 
becoming stiff and brittle, nor soft and tacky, nor shall the loss in lonsile 

Other references to tendering tests are as follows' Yearbook of the Ainorican 
Association of Textile Chemists and Coloristo, A5.T.M. Standards on Toxliln 
Materials; Federal Specification CXlC-D-746; Q.M.C Tentative Specification JQD 
242; and U. S. Army Specification fi-346. These specifications are not necessarily in 
force, 
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strength, as determined by the grab method, exceed a specified per cent 
of the original tensile strength. 

“4b. Aging test^ iOO® C., hours. — The treated material shall be 

stored m an oven at a temperature of iOO® C. for 48 hours and the re- 
sulting pH determined in the specified manner. 

"4c. Aging test, 176’^ F., 6 days. — ^Thc sample of the treated material 
shall be placed loosely inside a quart Mason jar, The open jar containing 
the specimen shall be exposed to standard atmospheric conditions for 
24 hours. At the end of the 24-hour period the quart jar shall bo closed, 
airtight, and then subjected to a temperature of 175® d: 6“ F. for 6 clays. 
The breaking strength of the materia! shall then be determined. 

“5. Resistance to accelerated weathering. — 

“6a. Test specimen.—k sample of specified dimensions, with the long 
dimension in the direction of the filling shall be clamped to the inside 
rotating rack of the accelerated wcatlioring test machine anil exposed to 
the conditions described below. 

“5b. Accelerated weathering test machines. — One of the following tlirco 
commercial machines as specified shall be used. 

“fib (1). Accelerated weathering machine. — Atlas Electric Oeviitos Co. 
Model DL-TS, This double carbon arc apjiaratus shall be o]K’i'aLed at an 
ambient temperature as specified, and in necordanee with tlie directions 
furnished by the manufacturer. The light and water spray shall l)o ad- 
justed to provide light contimioualy and water intorinittently in ii coji- 
stant cycle of 17 minutes without water and 3 minutes witli wiUor. The 
water shall be discharged at the rate of 0.5 gallon per inimile and the 
drum sliall rotate at the rate of 1 revolution j)er minute. 

"fib (2), Accelerated weathering wnii.— The npjuu'atuH shall consisl- of 
a vertical carbon arc mounted at the center of a vorlical cvliiidcr. The 
arc is designed to accommodate two paira of carbons, No. 22, upper car- 
bons, and No. 13, lower carbons; however, the are luirns belwi'cn onlv 
one pair of carbons at a time. The ore sliall bo vsuri'ounded by jmnels of 
Corex D glass or other enclosure having cquivnk>nt alisorbing or Inms- 
mitting properties. The glass shall be cloancd at least once cvei’y 2*1 boui-s 
of operating time. The arc shall be operated on 60 amjicrcs and 50 volts 
across the arc for alternating current of 50 ainjicros and (SO voUk aeross Iho 
arc for direct current. The siiccimcns for test siiall he mounted on a rotat- 
ing rack inside the cylinder and facing the arc. The diameter of Ihc rolnt- 
ing rack shall be such that the distance from the center of the are Lo the 
face of the specimen is 18% inches. The rack shall rntate about the arc 
at a uniform speed of about 1 revolution in 2 hours. Spmv no/z/dca shall 
be moun ed m the tank so that Iho specimens shall he exposed to wetting 
once during each revolution of the rack. An X-1A National Carbon Co 
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"6b (3) . Single arc accelerated weathering machine . — The apparatus 
shall consist of a vertical carbon arc mounted at the center of a vertical 
metal cylinder. The arc shall be enclosed jn a clear globe of No. 9200 PX 
Pyrex glass 0.0626 inch thick or other inclpsurc having equivalent absorb- 
ing and transmitting properties. The globe shall be cleaned when the car- 
bons arc changed or at least once every 36 hours of operating time. The 
arc shall be operated on 13-ampcre direct or 17-ampere 60-cyclc alternat- 
ing current with the voltage of the arc 140 volts. The specimens for test 
shall be mounted on the inside of the cylinder facing the arc. The diameter 
of the cylinder shall be such that the distance of the face of the specimens 
from the center of the arc is 14% inches. The cylinder shall rotate about 
the arc at a uniform speed of approximately three revolutions per hour. 
A water spray shall strike each 2-inch-wide specimen in turn for about 1 
minute during each revolution of the cylinder. An Atlas Electric Devices 
Co. single-arc wcather-o-inetcr will fullill the above conditions." 

It must be emphasized again that these tests do not necessarily predict 
the behavior of flameproof fabrics during actual use, and that their pri- 
mary function is to serve as a means of detecting materials or coatings 
which, under certain conditions, might have adverse effects on the fabrie. 
They arc also useful in ascertaining the effects of one treatment relative 
to another. Tor e.xamplc, it has been observed that cotton duck, treated 
so as to be fire, water, weather, and mildew resistant, which contains an 
unstable chlorinated paraffin, exhibits an increase in acidity (decreased 
pH) during heating at 100® C., whereas one which contains a stable type 
material sliows no ciiangc in this respect. Increase in acidity may be rc- 
gartk'd as undesirable because of the sensitivity of cellulose to acids. 

In most instances, the resistance of the fabric to aging is dclcrminccl 
by loss in strcngtii, but it is difficult to establish satisfactory levels of 
])rrfofmancp. Other tests, such as tearing strength and fluiditv, arc some- 
times useful. The latter is of value in detecting certain types of incipient 
(Injnagc in cellulose which is not always revealed in losses in strength (see 
oxidation of ccllulo.se). As a general rule, flameproof fabrics arc also re- 
quired to maintain their initial properties of flameproofness during expo- 
sure undci' the conditions of the various tendering tests. 

At the outbreak of World War II, considerable impetus was given to 
(he problem of evaluation of textiles by tendering tests. One of the most 
important items for consideration was duck, cotton; fire, water, weather 
and mildew resistant, because of its wide use in tentage and tarpaulins. 
The results of throe years’ work showed that it was impossible to evalu- 
ate the potential life of fabrics of this type by any one of a number of 
accelerated laboratory tests. This is because the performance during 
natural weathering is largely dependent upon the location of exposure. 
In other words, no precise and fixed behavior of a fabric could be estab- 
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lished. Thus, ifc was made clear that the potential serviceability of fabrics 
for tentage can be reliably judged only by subjecting them to exterior 
exposure, and that the service life will depend upon the conditions pre- 
vailing at the point of usage. 

Evaluation of duck, cotton; fire, water, weather, and mildew resistant 
under U. S. Army Specification 6-346 is based primarily on performance 
during exterior weathering in Yuma, Aiisona, and New Orleans, Louisiana, 
for a period of six months, April through September being preferred. These 
locations were chosen on the basis of their wide divergence in climatic con- 
ditions. The results of exposures made in desert areas lack the complica- 
tion introduced by the action of microorganisms. Exposures in sub- 
tropical or tropical areas have the primary function of cstablisiiing the 
resistance of fabrics to mildew in the pi-csence of sunlight and rainfall^ 
and ordinarily do not subject fabrics to the stringent conditions of high 
light intensity at low moisture levels. 

In the course of the experimental work carried out under N.U.C. 
Project Q.M.C. ^27 at Columbia University several surveillance and ten- 
dering tests were employed in order to anticipate the rclalivo behavior of 
variously flameproofcd fabrics in the course of normal service. Compara- 
tive data were desired after long-term exposure under normal ainl)iont 
conditions and also following short exposures to tlic extremes of tem))(M’n- 
ture and humidity. As mentioned above, it was liigldy clcsirahlo that Ihe 
accelerated conditions should not bo so severe ns to cause cliomical or 
physical changes in the flameproofing agent which would not also occur 
in time under the conditions of actual usage. The four Lest conditions 
selected, which will be briefly discussed in the following jiagcH, wi're 
(1) prolonged indoor storage under existing conditions, (2) extended out- 
door exposure under prevailing weather conditions, (3) acecdei-aled dry 
storage for 2, 3 and 4 weeks at 160“ E., and (4) accelerated liumid 
storage for 2 weeks at 120“ F. and 85% E.II. 

Indoor Storage. Due to several experiences with the loss of effective- 
ness of certain water-soluble retaitlanta on jirnlongcd indoor storage, this 
surveillance procedure was adopted for a study of the temporary name- 
proofing agents. The testing procedure consists simply of hus)-)endmg 
treated fabric samples in a closed room for long iioriods of time, removing 
test specimens at weekly or monthly intervals and testing for flaincproof- 
ness or fabric strength after conditioning for at least 24 hours in the 
standard atmosphere. Care should be taken that there are no folds or 
creases in the stored samples since it has been found that contact between 
fabric surfaces interferes with the vaporization or sublimation of volatile 
constituents. Since in a surveillance lest of this type the existing condi- 
tions are extremely variable, it is well to conduct nil experiments on a 
comparative basis referring to a standard fabric which is Rubjooted to the 
same test period. The temperatures and humidities encountered will 


